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ABSTRACT 
Crop residue is an important component of the soil organic carbon (SOC) budget and 
development of soil quality indices. However, crop residue in recent years has been considered 
as another potential feedstock source for ethanol production in addition to or alternative to grain. 
The current emphasis on using crop residue as a feedstock for future ethanol production presents 
a soil and environmental challenge that needs to be addressed. Additionally, there have been few 
studies that examine greenhouse gas (GHG) emissions from agriculture soils under different 
residue removal rates, various N rates, and tillage practices and their interactions effects on soil 
C dynamics and GHG emissions. The objective of this study was to examine potential changes in 
crop productivity, soil C sequestration, and GHG emissions under no-till (NT) and (CT) and N 
fertilization rates of 0, 170, and 280 kg N ha
-1
 with variable rates of residue removal (0, 50, and 
100%). Field studies were established in fall of 2008 on two sites, a poorly-drained soil at the 
Iowa State University Agronomy Research Farm (Central, Iowa, AC) and a well-drained soil at 
the Armstrong Research and Demonstration Farm (Southwest, Iowa, ASW) in continuous corn. 
After three years of residue removal, SOC, TN, microbial biomass-carbon (MBC), bulk density 
(ρb), soil penetration resistance (SPR), water stable aggregates (WSA), and infiltration (Ir) were 
measured. After every harvest, crop measurements included corn grain yield, above-ground 
biomass, and root-biomass. Weekly measurements of soil surface CO2, and N2O emissions 
coupled with soil moisture and temperatures were collected during the growing season. 
Additionally soil C budgets were calculated to provide insights on whether these management 
practices resulted in net gains or losses of soil C. 
After three years of residue removal, under different management practices, the findings 
of this study suggest that a portion of the corn residue that is left on the soil surface after harvest 
xi 
can be removed, with no negative impacts in the short term yields in the AC and ASW sites. 
However, increases of ρb, and SPR were observed with 50 and 100% residue removal regardless 
of tillage and N fertilization rate. Furthermore, decreases in SOC, MBC, WSA, and Ir were 
observed with residue removal, although changes varied with soil type and management 
practices. Management practices that reduce soil organic mineralization via reducing soil 
temperature and oxidation such as in NT, is a viable strategic means for mitigation CO2-C 
emissions. Although N2O-N emissions contributions to global warming potential (GWP) were 
considerably lower than CO2-C emissions, differences in N fertilization rates did have a 
significant impact on GWP in this study. Results from the soil C budgets suggest that under 
management practices of CT and N fertilization rates of 170 kg N ha
-1
 in continuous corn, net 
soil C change was approximately zero when no residue was removed for these sites and years. 
With no other changes in the fore mention management practices, any removal of soil surface 
residue resulted in net soil C losses. Increasing N fertilization rates from 170 to 280 kg N ha
-1
, 
resulted in higher C inputs from aboveground and root biomass, and C losses via Rh not being 
significantly different when compared to 170 kg N ha
-1 
fertilization rate. In 2010 when corn 
growth was not limited to lack of soil moisture, approximately 35 and 30% of the residue could 
be sustainably removed (i.e. net increase or no net loss of soil C) in the AC and ASW sites, 
respectively. In 2011, drier soil conditions resulted in approximately 2 and 49% of the residue 
could be sustainably removed in the AC and ASW sites, respectively. 
In general, converting from CT to NT and increased rates of N fertilization did offset 
some of the negative impacts of residue removal, although potential losses of SOC and 
deterioration of soil physical properties were still observed after three years of residue removal. 
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CHAPTER 1 
General Introduction 
Corn (Zea mays L.) residue left on the surface after harvest is a potential feedstock source 
for bioethanol production which can contribute to the reduction of fossil fuel use and net 
greenhouse gas emissions (Wilhelm et al., 2004; Graham et al., 2007). Although, it is currently 
more expensive to produce ethanol from lignocellulosics than from starches, it is projected that 
improvements in technology and scale of production will improve these costs (Foust et al., 
2009). It is probable that lignocellulosic ethanol production will become a viable option and 
could create an annual market for crop residue from approximately 143 million tons to 583-805 
million tons (Downing et al., 2011). 
 The removal of crop residue, however, may require farmers to change their current 
tillage and fertilization practices to prevent potential soil erosion. Crop residues play a significant 
role in improving soil physical and chemical properties that are essential in controlling wind and 
water erosion, which ultimately reduce sediment and other contaminant transport to water bodies 
(Karlen et al., 1994). Crop residues are also critical for replenishing SOC (Al-Kaisi and Yin, 
2005).  In addition, agriculture accounts for 10 to 20% of the total anthropogenic GHG 
emissions, but is responsible for 58% of the total anthropogenic N2O emissions (Smith et al., 
2007). Since current agriculture practices are responsible for large proportion of N2O emissions, 
changes in management practices can have significant changes in N2O and CO2 emissions levels. 
More research is needed to further understand the key sources and mechanisms responsible for 
generating N2O and CO2 emissions in agriculture systems for the development of future 
mitigation strategies.  
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One such strategy is the use of agriculture land for the mitigation of elevated atmospheric 
CO2 levels through the sequestration of SOC. Soils contain the largest active terrestrial C pool on 
earth (3,150 Pg C), and contribute 10 times more CO2 (75 Pg C yr
-1
 from soil respiration) to the 
atmosphere than fossil fuel combustion (Paustian et al., 2002). The risk of global warming and 
interest in adoption of the Kyoto Protocol has increased the attention of the scientific community 
on SOC sequestration in terrestrial ecosystems. However, precise measurement and verification 
of the amount of C sequestered in the soil have proven to be difficult. The usage of SOC 
depleted land as a sink for some of the excess CO2 appears to be a practical and cost effective 
method of reducing atmospheric CO2 levels (Post and Kwon, 2000). The basic thought behind 
reducing atmospheric CO2 emissions through SOC sequestration by changes in land use relies on 
the restoration of original native C levels. The magnitude of SOC storage depends on a range of 
factors such as; soil type, land use, annual input of C from plants, plant type, and the severity of 
degradation (Johnson et al., 2007). 
Currently, there are few studies that have evaluated the interaction effects of residue 
removal rates under different management practices on potential changes in crop yields, SOC, 
and soil quality for a conclusive estimate on how much crop residue can sustainably be removed 
in a system (Linden et al., 2000; Wilhelm et al., 2004; Dolan et al., 2006). Additionally, 
sustainability of crop residue removal will also depend heavily on the cropping system (Doran et 
al., 1984), climate and soil type (Mu et al., 2008) which need to be specified regionally. We 
hypothesized that potential losses in crop productivity, SOC, and soil quality in general due to 
residue removal, could be reduced by altering management practices that have lower intensity of 
tillage and greater N fertilization rates. The objectives of this study were to examine how tillage, 
N fertilization rates, residue removal, and their interactions affect: (i) crop productivity, SOC, 
           3 
soil physical properties, and (ii) GHG emissions, and (iii) and soil C budgets  after three years of 
residue removal in Central and Southwest Iowa. 
Dissertation Organization 
This dissertation is organized into five chapters, each addressing a specific aspect on the 
effects of residue removal on soil and air quality. The first chapter is a general introduction that 
outlines the relevance of this study. The second chapter examines the impacts of residue removal 
on crop productivity, SOC, and soil physical properties. The third chapter focuses on GHG 
emissions as affected by soil temperature and water content. The fourth chapter focuses on soil C 
budgets and determining how much residue can sustainably be removed. Chapter five 
summarizes conclusions of the research project findings. Evaluation of these parameters will 
help in understanding interaction effects of residue removal rates under different management 
practices on potential changes in crop yields, SOC, and soil physical quality.  
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CHAPTER 2 
 
RESIDUE MANAGEMENT EFFECTS ON CORN PRODUCTIVITY, SOIL CARBON, 
AND SOIL PHYSICAL PROPERTIES  
Abstract 
Crop residue left on the surface after harvest is a potential feedstock source for bioethanol 
production that may alleviate some of the United States dependence on foreign fuel and net 
greenhouse gas emissions. The removal of crop residue, however, may require farmers to change 
their current tillage and fertilization practices to prevent potential soil erosion and depletion in 
soil nutrients. The objectives of this study were to examine how tillage, N fertilization rates, 
residue removal, and their interactions affect crop productivity, SOC, and selected soil physical 
properties after three years of residue removal in Central and Southwest Iowa. The findings of 
this study suggest that a portion of the corn residue that is left on the soil surface after harvest 
can be removed, with no negative impacts on short term yields in two sites in Central and 
Southwest Iowa. However, significant decreases in SOC sequestration rates, MBC, ρb, A-SPR, 
MWD, and Ir were observed, but varied with soil type and management practice. In poorly-
drained soils at the AC site, significant increases in SOC content were observed when converting 
from CT to NT systems, even when 50 and 100% of the crop residue was removed during three 
years of this study. Average SOC sequestration rates of 2.05 Mg C ha
-1
 yr
-1 
were observed in NT, 
78% greater that of CT treatments for the entire soil profile (0 to 60 cm). However, significant 
decreases in MBC, ρb, A-SPR, MWD, and Ir were observed regardless of tillage and N 
fertilization rate in the top 15 cm soil depth when 50 and 100% of residue was removed. In the 
well-drained soils at the ASW site, SOC sequestration rates were in general negative regardless 
of tillage and residue removal and N fertilization rate at the 0 to 60 cm soil profile. SOC content 
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losses were significantly lower under CT treatments at -1.15 Mg C ha
-1
 yr
-1
, compared to NT 
treatments at -6.56 Mg C ha
-1
 yr
-1
. Negative impacts of residue removal on soil physical 
properties were more severe in the ASW site compared to the AC site in general. These results 
show that residue removal effects on crop productivity, SOC, and soil physical properties vary 
by management practices and soil type and are site specific. 
Introduction 
Corn (Zea mays L.) residue left on the surface after harvest is a potential feedstock source 
for bioethanol production which can contribute to the reduction of fossil fuel use and net 
greenhouse gas emissions (Wilhelm et al., 2004; Graham et al., 2007). Although, it is currently 
more expensive to produce ethanol from lignocellulosics than from starches, it is projected that 
improvements in technology and scale of production will improve these costs (Foust et al., 
2009). It is probable that lignocellulosic ethanol production will become a viable option and 
could create an annual market for crop residue from approximately 143 million tons to 583-805 
million tons (Downing et al., 2011). 
     Although foreseeable decreases in soil organic carbon (SOC), soil quality, and crop 
productivity with excessive crop residue removal are expected in the short (Blanco-Canqui and 
Lal, 2007) and long term (Linden et al., 2000; Wilts et al., 2004); it is uncertain if in, cooler 
regions in the Corn Belt where soils are inherently fine textured with poor drainage, conditions 
are suitable for a partial removal of residue. Crop productivity in these soils are commonly 
reduced by cooler soil temperatures in the spring, which often leads to reduced plant emergence, 
N mineralization, and crop growth (Wolfe and Eckert, 1999; Al-Kaisi and Kwaw-Mensah, 
2007). Consequently, studies have shown that removing surface crop residues lead to soil 
temperatures warming up faster in the spring, thus increasing crop yields in soils which are 
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inhibited by cold and wet conditions (Horton et al., 1994). However, this short term gain in 
yields are just one component that needs to be addressed when determining how much residue 
can be removed without negatively impacting SOC, soil physical and chemical properties, and 
long-term yield potential (Wilhelm et al., 2004; Lal, 2009). 
The removal of crop residue, however, may require farmers to change their current tillage 
and fertilization practices to prevent potential soil erosion and depletion in soil nutrients. It is 
well documented through research over the past many decades that crop residues are critical for 
protecting the soil surface from wind and water erosion and improving soil physical properties 
(Lindstrom, 1986). Crop residues also replenish and increase soil organic matter, which is critical 
for maintaining soil nutrients such as SOC, N, P, and K (Karlen, et al., 1994). Additionally, 
management practices that increase SOC have been shown to improve soil structure by 
enhancing aggregate stability, and decreasing ρb which result in greater water infiltration rates 
(Blanco-Canqui and Lal, 2007; Guzman and Al-Kaisi, 2011). 
Some studies have suggested that in order to meet the demands of the bioethanol 
industry, farmers will need to increasingly adapt to no-till (NT) practices in order to offset 
potential SOC losses from crop residue removal (Kim and Dale, 2004). This is due to tillage 
effects generally increasing soil C losses by: inducing the availability of oxygen and oxidation of 
SOC shortly after tillage (Reicosky, 1997; Al-Kaisi and Yin, 2005), and destruction of soil 
aggregates that physically protects SOC from microbial activities (Six et al., 2000). It has also 
been suggested that increases in N fertilization rates may also further aid in soil C sequestration 
(Wilts et al., 2004; Vleckand King, 2011), due to increases in aboveground biomass and 
especially root biomass, which can contribute to more stable SOC derived C than do 
aboveground residue (Rasse et al., 2005).  
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Currently, there are few studies that have evaluated the interaction effects of residue 
removal rates under different management practices on potential changes in crop yields, SOC, 
and soil quality for a conclusive estimate on how much crop residue can sustainably be removed 
in a system (Linden et al., 2000; Wilhelm et al., 2004; Dolan et al., 2006). Additionally, 
sustainability of crop residue removal will also depend heavily on the cropping system (Doran et 
al., 1984), climate and soil type (Mu et al., 2008) which need to be specified regionally. We 
hypothesized that potential losses in SOC and soil quality in general due to residue removal, 
could be reduced by altering management practices that have lower intensity of tillage and 
greater N fertilization rates. The objectives of this study were to examine how tillage, N 
fertilization rates, residue removal, and their interactions affect crop productivity, SOC, and 
selected soil physical properties after three years of residue removal in Central and Southwest 
Iowa. 
Materials and Methods 
Experimental sites and treatments 
A study was established in fall of 2008 on a Nicollet (fine-loamy, mixed superactive, 
mesic Aquic Hapludoll) and Canisteo clay loam (Fine-loamy, mixed, superactive, calcareous, 
mesic Typic Endoaquolls) soil association at Iowa State University Agronomy Research Farm 
(AC) in Central, Iowa (42.4
o
'N; 95.5
o
'W) and a Marshall silty clay loam (Fine-silty, mixed, 
superactive, mesic Typic Hapludolls) soil association at Armstrong Research and Demonstration 
Farm (ASW) Southwest, Iowa (41.3
o
'N; 95.1
o
'W) in continuous corn. The mean air temperature 
and annual precipitation at the AC site are 8.7
o
C and 975 mm, respectively (data from 1982 to 
2011) (Fig. 2.1). In the ASW site, mean air temperature and annual precipitation are 9.5
o
C and 
909 mm, respectively (data from 1982 to 2011) (Fig. 2.2). Both sites were previously in corn-
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soybean [Glycine max (L.) Merr.] rotation under conventional tillage (CT, chisel plow in fall and 
chisel plus disk in the spring). Source of N was liquid urea-ammonium nitrate 32% N (UAN) 
which was side-dressed injected  in May after planting using agronomic rates of 170 kg N ha
-1 
during the corn phase (Blackmer et al., 1997). Phosphorus and potassium fertilization application 
was done periodically to maintain optimum soil concentrations so as not to restrict corn growth 
during the length of this study.   
Three treatments were applied in 2008 to 2011 for both sites in a randomized, complete-
block design with split-split arrangement and three replications. The main plot treatment was 
tillage practice (NT and CT), which was split into three different residue removal rates (0, 50, 
and 100%) which was further split into three N fertilization rates of 0, 170, and 280 kg N ha
-1
. As 
done previously from past management, source of N was 32% liquid UAN which was injected 
side-dressed in May after planting. Shortly after corn harvest, desired rates of residue removal 
were accomplished by adjusting down-pressure on a raking apparatus before baling of residue. 
For 100% removal, corn stalks and leaves were first mowed then raked clear down (very high 
down-pressure) for residue to be collected by baler. After baling, plots were hand raked to 
achieve nearly 100% removal. For 50% removal, residue was not mowed and a decreased down-
pressure of the rake apparatus was set so as to leave approximately 50% of the soil surface 
covered after baling. Actual removal of residue by mass varied by N rate, tillage, site, and year 
ranging from 30-50% and 73-91% for 50 and 100% residue removal treatments, respectively. 
Both sites were planted using a 111 day maturity corn variety (P33W84) at a seeding density of 
79,000 seeds ha
-1
.  
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Soil organic carbon, total nitrogen, and bulk density 
Soil samples were collected after harvest in mid-October, prior to establishment of 
treatments in 2008 and three years afterwards in 2011, to measure any changes in SOC, and total 
nitrogen (TN). Twelve 1.7 cm diameter soil cores were collected from depths of 0 to 15, 15 to 
30, 30 to 45, and 45 to 60 cm in each treatment plot. Soil cores for each depth were combined 
into a single homogeneous sample. Soil samples were 2 mm sieved and then air dried before 
being analyzed. The TC and TN were determined by dry combustion using a LECO CN analyzer 
(LECO Corporation, St. Joseph, Michigan). A separate carbonate analysis using a modified 
pressure calcimeter method was used to estimate inorganic C, which was subtracted from TC 
results to end up with total SOC (Sherrod et al., 2002). Concurrently with TC and TN soil 
samples were being taken, three bulk density (ρb) samples were collected from each treatment 
plot, using a 1.7 cm diameter soil probe. Soil cores were taken at the same soil depths as SOC 
samples and were then oven dried at 105°C for 24 hours and weighed. Bulk density (Mg m
–3
) 
was calculated as the dried soil mass divided by the soil core volume. The SOC and TN 
concentrations (mg g
–1
 dry soil) that were measured in 2008 were multiplied by mean ρb values 
and soil depth thickness to convert SOC and TN concentrations to mass per area basis (Mg ha
–1
) 
for all treatment plots by soil depth. For samples collected in 2011, SOC and TN content was 
calculated similar to initial samples, although concentrations of SOC and TN for each soil profile 
depth were adjusted for gains or losses in soil mass, due to changes in ρb, for the original or 
equivalent soil mass (ESM) in 2008 to determine changes in SOC and TN stocks (Lee et al., 
2009). 
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Microbial biomass carbon 
Twelve soil core samples were collected in each treatment plot using a 1.7 cm diameter 
probe to a 15 cm depth shortly after harvest in mid-October in 2011. Microbial biomass carbon 
(MBC) was determined by performing fumigation extraction (Horwath and Paul 1994). Soil 
samples were fumigated with ethanol-free chloroform (CHCl3) for 24 hours in a vacuum 
desiccator. The soil samples were extracted for 30 minutes with 100 mL of 0.5 M potassium 
sulfate (K2SO4) and then were filtered through Whatman No. 42 filter paper. A similar extraction 
was performed on the non-fumigated soil samples. The extractant (K2SO4) alone was also 
filtered to determine the background level of C in the filter paper and extractant. Carbon 
recovered in the extract was measured with an ElementarliquiTOC carbon analyzer (Americas 
Inc., Mt. Laurel, New Jersey). The MBC was calculated on an oven dry weight basis. 
Soil penetration resistance 
Soil penetration resistance (SPR) was determined using a Rimik CP-20 penetrometer 
(Soil Measurement Systems, Tucson, AZ) shortly after harvest in mid-October in 2011. The 
penetrometer used a 30
o
cone with a base 1.27 cm in diameter. The targeted insertion speed was 
1.3 m min
−1
, with a range of 0.1 to 2 m min
−1
. In 2011 shortly after harvest, three insertion points 
per treatment plot were recorded at 2.5 cm soil depth increments down to 60 cm. Insertion points 
were located between corn rows, in the row, and between the fore mentioned points. The SPR 
measurements were adjusted (A-SPR) to a common value of soil gravimetric water content of 
0.27 g g
-1
, to reduce confounding effects of soil water content at time of measurements by: 
                                                                    [1] 
where SPR is in MPa,, W is water content on a dry weight basis in g g
-1
, and a and b are 
empirical parameters that were calculated (Busscher et al., 1997). In the AC site, calculated a and 
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b parameters were 5.67 and -0.80. In the ASW site, calculated a and b parameters were 11.86 and 
-0.13. Corrections of SPR for differences of water content were based on a first Taylor series 
expansion: 
                                                 [2] 
where A-SPR is in MPa, SPRo was the original SPR, Wc is the common water content to which 
the SPR is being corrected, Wo is the original water content, and dC/dW was the first derivative 
of equation one. At time of SPR measurements, average soil gravimetric water content 
throughout the whole soil profile depth at both sites was 0.27 g g
-1
, which was used for the Wc 
value. 
Water stable aggregate distribution and mean weight diameter 
Soil samples for water stable aggregates (WSA) were taken using a 10.5 cm diameter 
golf course hole cutter to a soil depth of 15 cm between corn rows and in the row for each 
treatment plot. Samples were then gently passed through 8 mm sieve to remove any undesirable 
plant residue and rocks. Soil samples were then air dried and stored for analysis. The WSA size 
distributions were determined following the procedure from Kemper and Rosenau (1986) with 
some modifications. A soil sample of 100 g was used for wet sieving for 5 min in deionized 
water at 21°C. By lowering and then raising the sieves with a stroke length of 20 mm and a 
frequency of 90 strokes min
–1
, using a custom made sieving machine where 20 cm diameter 
sieves could fit. Seven aggregate size fractions were collected, >4 mm, 2 to 4 mm, 1 to 2 mm, 
0.5 to 1 mm, 0.25 to 0.5 mm, and 0.053 to 0.25 mm. For the remaining sample that passed 
through the last sieve, 0.053 mm, it was considered <0.053 mm. Each soil sample was first 
misted with a spray bottle and then submerged in water in the top sieve for at least 5 min before 
wet sieving began to slake off air dried soil. In addition, this pre-wetting reduced buildup of air 
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pressure in pores resulting in less air escaping with minimal aggregate disruption. Following wet 
sieving, soil sample of each aggregate fraction was transferred by washing it into tubs and then 
oven dried at 65°C until all water was evaporated. Dry weight of each fraction size was recorded. 
In addition, WSA dry weights were then adjusted to soil moisture corrections from air-dried 
subsamples of WSA. The aggregate stability for each soil sample was then expressed by mean 
weight diameter (MWD) (Youker and Mcguiness 1957): 
                                                             [3] 
where MWD is the mean weight diameter in mm, xbari is the mean diameter (mm) of size 
fraction and wi is the weight of each size fraction of aggregates of total sample. 
Water infiltration 
Water infiltration rates were measured using a Cornell Sprinkle Infiltrometer (Cornell 
University, Ithaca, New York) (Ogden et al. 1997) late July in 2011 for each treatment plot. This 
system consisted of a portable rainfall simulator placed on a single 24.1 cm inner diameter ring 
inserted 7 cm into the soil in between rows. The ring was equipped with an overflow tube to 
determine the time to runoff and runoff rate. Rainfall simulator intensity rate of 0.45 cm min
–1
 
was used. Every three minutes, runoff was measured until steady water infiltration occurred. 
Water infiltration rate (Ir) (cm min
–1
) was calculated by using the following equation: 
                                                                   [4] 
where r is rainfall intensity (cm min
–1
), and rot is the surface runoff rate (cm min
–1
). In addition, 
to account for three-dimensional flow in the bottom of the ring, Reynolds and Elrick (1990) 
developed a model to estimate Field-Saturated Infiltrability (using single ring rain simulators), 
which takes into account soil type and ring insertion depth effects on Ir. They determined 
empirical correction factors for different soil texture and insertion depths to adjust field 
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measurements of infiltration rates. In this study, rings were inserted to a soil depth of 15 cm in 
silty clay loam soils. Therefore, a conversion factor of 0.80 was used to take into account of 
horizontal flow at the bottom of the ring. The Horton’s infiltration model (Horton, 1940) was 
used to describe the exponential decay of infiltration rate during a simulated 30 minute rainfall 
event: 
                                                      [5] 
were Ir is in cm min
-1
, Fo is the initial infiltration rate cm min
-1
, Fc is the final infiltration capacity 
(cm min
-1
), b is Horton’s constant which was estimated for each treatment plot, and t the elapsed 
time (min).  
Statistical analyses 
Data was analyzed using the MIXED procedure of SAS (SAS Institute, 2002). Type of 
tillage was considered as the main plot, residue removal as the split-plot, and N fertilization as 
split- split-plot by year and soil depth. Mean separation was determined using the PDIFF 
procedure and significance was declared at evaluated at p ≤ 0.10, unless otherwise stated. 
Additionally, correlations were done using PROC CORR procedure in SAS. 
Results and Discussion 
Management effects on corn grain yield 
The effects of residue removal on corn grain yield varied by year, site, tillage, and N 
fertilization rate (Fig. 2.3 and 2.4). Differences in grain yields across years and sites can be 
largely explained by previous average year yields, air temperature and rainfall data collected in 
nearby sites from 2000 through 2011 (unpublished research of long-term tillage studies, Al-
Kaisi, 2000-2011). In 2009, grain yields were close to their average maximum potential for the 
AC and ASW sites at 12.7 and 15.5 Mg ha
-1
, respectively. In 2010, grain yields were lower 
compared to 2009, due to an unusually wet June and July, which resulted in an additional 100 
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mm accumulated rainfall, 51% greater that of the average rainfall for this period. In 2011 at the 
Ames site, grain yields were reduced due to lack of rainfall in general, especially in the month of 
July where these sites received 25 mm less accumulated rain fall than the previous average 
during this period, and no rainfall just prior to the critical grain filling stage. 
There was a significant residue removal effect on corn grain yields for the AC site (Fig. 
2.3), and the ASW site (Fig. 2.4). In the AC site, grain yields were significantly lower with 0% 
residue removal compared to 50 and 100% residue removal treatments on average by 8% greater 
across all years. Similarly in the ASW site, grain yields were significantly lower with 0% residue 
removal compared to 50 and 100% residue removal treatments by 10% on average in 2009 and 
2010. In 2011, there was a significant tillage by residue removal by N fertilization rate effect on 
grain yields. Grain yields were not significantly different across tillage and residue removal rates 
with 280 kg N ha
-1 
rate treatments. Under N fertilization rates of 170 kg N ha
-1
, CT treatments on 
average was 7.33 Mg ha
-1
 across all residue removal treatments, and did not significantly differ 
from NT treatments with 50 and 100% residue removal rates. However, treatments with no 
residue removal under NT and 170 kg N ha
-1
fetlization rates were 16% lower than CT treatments 
with no residue removal and N fertilization of 170 kg N ha
-1
. 
Lower yields were observed in NT treatments compared to CT, on average by 17% in the 
AC site across all years. In the ASW site, NT treatments also had significantly lower yields 
compared to CT in 2009 and 2011on average by 7%. However, in 2010, there was a significant 
tillage by N fertilization rate interaction effect on yields. Treatments that received 280 kg N ha
-1
, 
did not observe any significant differences in yields between NT and CT. Under 170 kg N ha
-1
 
fertilization rate, CT treatments averaged 9.57 Mg ha
-1
 yields, 4% greater that of NT treatments. 
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In treatments in which N fertilizer was not applied, average yields were 3.41 Mg ha
-1 
under CT 
treatments, 24% greater that of NT. 
Studies have shown that in soils similar to those in this study which are high in clay 
content in the Corn Belt, excessive crop residue left on the soil surface such as in NT, can 
potentially slow down soil warming in the spring and reduce plant emergence, N mineralization, 
and crop growth resulting in lower crop yields (Wolfe and Eckert, 1999; Al-Kaisi and Kwaw-
Mensah, 2007). From data collected in Fig. 3.1 to 3.5, residue removal effects on spring soil 
temperature and water content by tillage and year in the AC and ASW sites are shown in Figures 
2.5 and 2.6. In the ASW site, soil temperatures starting in early May until late June when the 
corn canopy completely covered the soil surface, were on average 0.5-1.5
o
C cooler in NT 
treatments with 0% residue removal than NT treatments with 50 and 100% residue removal (Fig. 
2.6). Soil temperatures did not significantly vary across residue removal rates under CT 
treatments, and were also not significantly different when comparing CT with NT treatments 
with 50 and 100% residue removal. Increasing N fertilization rates from 170 to 280 kg N ha
-1 
resulted in no significant differences in grain yields across residue removal rates and tillage 
systems in the ASW site in 2010 and 2011. These results are in agreement with other studies that 
have shown the NT systems require greater N fertilization input due to low N mineralization in 
colder, wetter soils during the spring compared to CT systems (Kasper et al., 1987; Vetsch and 
Randall, 2000). Similar soil temperature results occurred in the AC site in 2009 and 2010, 
although, when soil conditions were drier such as in 2011 (Fig. 2.5). Soil temperatures were 
significantly warmer under NT treatments with 50 and 100% residue removal compared to CT 
treatments, but not significantly different when comparing to 0% residue removal treatments 
(Fig. 2.5). Increasing N fertilization rates from 170 to 280 kg N ha
-1
 did not offset yield 
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reductions when converting CT to NT systems in the AC site as it was observed in the ASW site. 
Under NT management systems where crop residue is left on the soil surface, soil water content 
is generally greater than CT systems throughout the growing season. In the absence of growing 
plants, the excess soil water creates potential problems such as poor germination conditions in 
the spring, which can reduce crop yield. This was the case in the poorly-drained soils in the AC 
site, and to a lesser extent in the well-drained soils in the ASW site in 2009 and 2010. The 
removal of crop residue in these soils under NT can be beneficial in terms of crop yields for the 
first three years of residue removal in this study. 
Management effects on soil organic carbon and total nitrogen after three years of residue 
removal 
The effects of residue removal on SOC content varied by site, soil depth, tillage, and N 
fertilization rate (Table 2.1 to 2.10). In the AC site, differences among management practices 
were only significant in the top 15 cm soil depth (Table 2.1). At this soil depth, since converting 
from CT to NT, SOC content in NT treatments were on average 27.9 Mg ha
-1
, 11% greater 
compared to CT treatments. Looking at the 0 to 60 cm soil profile, SOC content in NT 
treatments were on average 103.9 Mg ha
-1
, 9% greater than CT treatments. Soil organic carbon 
sequestration rates based on baseline values prior to establishment of treatments, did result in 
differences among management practices in the top 15 (Table 2.1) and 0 to 60 cm soil profile 
(Table 2.5). For the 0 to 60 cm soil profile, SOC sequestration rates were greater with 0% residue 
removal treatments across tillage systems at 2.65 Mg C ha
-1
 yr
-1
, compared to 50 and 100% 
residue removal treatments, which was on average -0.14 Mg C ha
-1
 yr
-1
. Type of tillage also had 
a significant effect of SOC sequestration rates. On average, for the 0 to 60 cm soil profile depth, 
SOC sequestration rates were 2.05 and 0.46 Mg C ha
-1
 yr
-1
, under NT and CT systems, 
respectively. Additionally, the highest SOC sequestration rates when averaged across tillage and 
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residue removal rates occurred under 280 kg N ha
-1 
fertilization rates at 1.89 Mg C ha
-1
 yr
-1
, and 
decreased with lower N fertilization rates. However, there were no significant differences in TN 
content or sequestration rates across management practices at any soil profile depth. 
 In the ASW site, there were no significant differences in SOC content in the top 15 cm 
soil depth among management practices which was on average across all treatments 19.9 Mg ha
-1
   
(Table 2.6). In the 15 to 30 cm soil profile depth, there was a significant tillage and residue 
removal effect on SOC content (Table 2.7). The greatest SOC content occurred under treatments 
with 0% residue removal at 37.08 Mg ha
-1
, 7% greater than 50 and 100% residue removal 
treatments. Additionally, SOC content in CT treatments were on average 37.60 Mg ha
-1
, 12% 
greater than of NT treatments at the 15 to 30 cm soil profile depth. At soil depths of 30 to 60 cm, 
CT treatments  continued to have greater SOC content compared to NT treatments on average by 
27% (Table 2.8 and 2.9). Consequently, cumulative SOC content at the 0 to 60 cm soil profile 
under CT treatments on average, were significantly greater at 109.83 Mg ha
-1
 compared to NT 
treatments at 92.23 Mg ha
-1
 (Table 2.10). However, SOC sequestration rates for this site were in 
general negative regardless of tillage and residue removal and N fertilization rates at the soil 
profile of 0 to 60 cm (Table 2.10). SOC content losses were significantly lower under CT 
treatments at -1.15 Mg C ha
-1
 yr
-1
, compared to NT treatments at -6.56 Mg C ha
-1
 yr
-1
. Increases 
in SOC content were only observed in the 15 to 30 cm soil profile depth under CT and 0% 
residue removal treatments (Table 2.7). There were no significant differences in TN content 
across management practices at any soil profile depth at the ASW site. However, TN 
sequestrations rates were significantly greater under CT treatments than in NT at all soil depth 
profiles (Table 2.6 to 2.9). For the 0 to 60 cm soil profile, TN sequestration rates under CT 
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treatments were on average 0.08 Mg N ha
-1
 yr
-1
 while NT treatments were significantly lower at -
0.39 Mg N ha
-1
 yr
-1
. 
In both sites in general, under  soil management systems in Iowa with CT and 170 kg N 
ha
-1
 fertilization rate and no residue removal, SOC content remained relatively constant after 
three years. In the poorly-drained soils at the AC site, converting from CT system to NT, aided in 
offsetting potential SOC losses from residue removal at the top 15 soil profile depth, and when 
summing SOC content at all depths from 0 to 60 cm. Increasing N fertilization rates from 170 to 
280 kg N ha
-1
, also aided in offsetting potential SOC losses from residue removal at the top 15 
soil profile depth, and when summing SOC content at all depths from 0 to 60 cm. This was 
expected due to the stratification of organic C in the soil profile and decreases in soil organic 
matter mineralization in wet and cold soil conditions, even when 50 and 100% of the residue was 
removed (Al-Kaisi and Yin, 2005). However, in the well-drained soils such as in the ASW site, 
decreases in SOC content were observed at soil depths below 15 cm when converting into NT 
systems. This could be attributed to reduced potential C inputs from above- and belowground 
biomass (Table 4.2), and lack of crop residue incorporation into the soil in NT systems when 
comparing to CT (Staricka et al., 1991). Residue removal of 50% or greater resulted in negative 
SOC sequestration rates regardless of tillage or N fertilization rate, although these changes in 
SOC content were not large enough to significantly differ from the baseline values after three 
years for the ASW site. These results show the importance of sampling at soil depths to at least 
below the plow zone from previous and current management systems and in contrasting soil 
types and climates to be able to determine a sustainable amount of crop residue removal in soils 
as impacted by tillage systems and N fertilization rate on SOC sequestration (Dao, 1998; Dolan 
et al, 2006; Blanco-Canqui and Lal, 2007). 
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Due to the small gradual changes in SOC content, detecting short term changes are very 
difficult in large part due to the high background C levels and natural variability of soils. 
Microbial biomass carbon (MBC), the living fraction of organic matter, has been suggested as a 
sensitive measure for changes in organic matter status (Sparling, 1992). In both sites in this 
study, there was a significant tillage by residue removal interaction effect on MBC (Fig. 2.7). In 
the AC site, the greatest MBC concentrations occurred in NT treatments on average of 570 μg C 
g
-1
 soil, and did not significantly vary by residue removal rate. Under CT treatments, the greatest 
MBC concentrations were 565 μg C g-1 soil with 0% residue removal, and decreased with residue 
removal rate. In the ASW site, greater MBC concentrations of 8% were observed under NT (509 
μg C g-1 soil) treatments than CT treatments (468 μg C g-1 soil). Significant decreases in MBC 
concentrations due to residue removal were only detected with the 100% removal rate and under 
CT treatments. 
Management effects on selected soil physical properties after three years of residue removal 
Bulk density (ρb) values varied by site and soil depth and were significantly affected by 
tillage, residue removal, and N fertilization rates (Tables 2.1 to 2.10). In the AC site, there was a 
significant tillage by residue removal by N fertilization rate effect on ρb for the top 15 cm soil 
depth (Table 2.1). In general, the lowest ρb values occurred in 0% residue removal treatments, 
and treatments in which 280 kg N ha
-1
 rate was applied. The highest ρb values occurred in 
treatments which were under NT and had 50 or 100% residue removal. In the ASW site, there 
was a significant tillage by residue removal rate effect on ρb for the top 15 cm soil depth (Table 
2.6). In general, average ρb with 0% residue removal treatments was 1.13 Mg m
-3
; 9% lower 
when compared to NT treatments with 50 and 100% residue removal, and CT treatments with 
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100% residue removal. There were no significant differences among management practices on ρb 
below the 15 cm soil depth. 
     Soil penetration resistance (SPR) was measured as an indicator for changes in soil compaction 
from different residue removal management practices (Fig. 2.8 and 2.9). The SPR measurements 
were adjusted (A-SPR) to a common value of soil gravimetric water content of 0.27g g
-1
, to 
reduce confounding effects of soil gravimetric water content at time of measurements (Fig. 2.8 
and 2.9). In the AC site, residue removal of 50 and 100% resulted on average A-SPR of 1.84 
MPa in the top 2.5 cm soil depth, 13% greater than when no residue was removed (Fig. 2.6). In 
the ASW site, A-SPR was greatest with 100% residue removal at 1.53 MPa, and decreased as 
residue removal rate decreased in the top 2.5 cm soil depth (Fig. 2.9). These trends continued 
down to soil depths of 27.5 cm in the AC site, and 17.5 cm in the ASW site. Additionally in both 
sites, NT treatments typically had greater A-SPR when compared to CT treatments in the top 2.5 
cm soil surface. The exception being when SPR values were adjusted for soil gravimetric water 
content in the AC site, NT treatments did not significantly differ from CT treatments (Fig. 2.8). 
In the ASW site, A-SPR in CT treatments was significantly greater than NT treatments at soil 
depths between 12.5 and 17.5 cm, coinciding with the depth of chisel plow tillage (Fig. 2.9). This 
same trend was also observed in the AC site, although differences between tillage systems were 
not significantly different. 
     Increases in soil compaction due to residue removal in this study can be attributed to two 
factors: (i) increased field traffic when crop residue is raked into rows, and then the collection 
and transportation away from field, and (ii) reduction of organic matter over a period of time 
which studies have shown a positive relationship with stability of soil structure and opposite 
relationship with ρb (Soane, 1990). Most studies have shown rapid increases in soil compaction 
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due to residue removal within a year, due to field traffic and excessive drying in soils due to 
leaving soil surface bare (Quiroga et al., 1999; Blanco-Canqui et al., 2006). After three years of 
residue removal in these sites; converting current CT systems to NT to improve the stability of 
soil structure (Pierce et al., 1994), or indirectly by root biomass by increasing N fertilization rate 
from 170 to 280 kg N ha
-1 
(Rasool et al., 2008), did not significantly reduce the soil compacting 
effects (i.e. ρb and A-SPR) when 50% or greater of the residue was removed. Adjusted-SPR 
values in the AC site were significantly correlated with SOC content and MBC in the top 15 cm 
soil depth (Table 2.11). However, there were no significant correlations between ρb and selected 
soil chemical and physical properties. In the ASW site, A-SPR and ρb were significantly 
correlated with SOC content, MBC, and MWD in the top 15 cm soil depth (Table 2.12).    
The stability of soil structure was evaluated by measuring water-stable aggregate (WSA) 
distribution, which varied by site and was significantly affected by different tillage, residue 
removal, and N fertilization rate management practices (Fig. 2.10 and 2.11). The mean weight 
diameter (MWD) was calculated across the seven aggregate size fractions, so that with a single 
value, comparisons can be made across management practices (Fig. 2.12 and 2.13).In general, 
the AC site had a MWD of 1.31 mm, significantly greater than the ASW site which on average 
was 1.22 mm. In the AC site, there was a significant tillage by residue removal interaction effect, 
as well as an N fertilization effect (Fig. 2.12). The greatest MWD values occurred with NT 
treatments with 0% residue removal at 1.58 mm. The next highest MWD values were under CT 
treatments with 50 and 100% residue removal which averaged 1.25 mm. While the lowest MWD 
values occurred under NT treatments with 50% residue removal, and 100% residue under CT 
and NT treatments on average at 1.04 mm. Additionally, treatments which did not receive any N, 
had a significantly lower MWD value on average of 20% compared to when 170 and 280 kg N 
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ha
-1
 was applied. In the ASW site, there was a significant interaction between tillage, residue 
removal, and N fertilization rate effect on MWD values (Fig. 2.13). In general, MWD values 
decreased with residue removal rate and did not significantly vary between tillage systems, with 
some exceptions. The greatest MWD values occurred under treatments with NT and 0% residue 
removal with 280 kg N ha
-1
 fertilization rate which on average was 1.77 mm. The next highest 
MWD values occurred in CT with 50% residue removal and NT treatments with 100% residue 
removal when no N was applied on average of 1.61 mm. These results we expect were due to the 
high compaction that occurred under these treatments and not increases in WSA stability due to 
increases in SOC, which is supported by increases in ρb (Table 2.6) and A-SPR (Fig. 2.9) for 
corresponding treatments. 
Although increases in aggregate MWD were observed in both sites with conversion to 
NT systems and increased N fertilization rate when no residue was removed as reported by many 
studies (Six et al., 2000); reduction of MWD and by implication, soil structure stability, was still 
significantly reduced regardless of tillage or increased N fertilization rate after three years of 
residue removal. These results indicate the importance of leaving soil surface residue and 
reducing tillage intensity to promote soil structure stability which can aid in reducing soil 
compaction (Gupta et al., 1987) and increase water infiltrations. In the AC site, MWD values 
were significantly correlated with SOC content and MBC in the top 15 cm soil profile depth 
(Table 2.11). In the ASW site, ρb and A-SPR were highly correlated with MWD values in the top 
15 cm soil profile depth (Table 2.12).   
     The Horton’s infiltration model (Horton, 1940) did very well in describing the exponential 
decay of water infiltration rates (Ir) during an approximately 30 min simulated rainfall event with 
an average rainfall intensity of 0.45 cm min
-1
 for both sites (Fig. 2.14 and 2.15). There was a 
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significant residue removal rate effect on the steepness (parameter b of the equation) of Ir curve. 
In general, the steepness of the Ir  curve was much larger in 0% residue removal treatments than 
with 50 and 100% residue removal on average by 34% in the ASW site, although no significant 
differences were observed in the AC site for parameter b. After approximately 12 min of 
continuous simulated rainfall, a steady Ir was reached for most treatments, but varied by site. The 
steady Ir or final infiltration capacity (Fc) as described in the model, varied by tillage in the AC 
site. In general, Fc in NT treatments on average was 0.07 cm min
-1
, 29% greater that of CT 
treatments. Additionally, although not statistically significant due to the high natural soil 
variability and relatively low Ir in this site, Fc in general increased with N fertilization rate. The 
greatest Fc occurred in treatments with NT and 0% residue removal when N was applied. The 
lowest Fc generally occurred with 100% residue removal treatments when N was applied. 
However, when no N was applied, Fc was greater in treatments with residue removal compared 
to those treatments in which no residue was removed. In the ASW site where Ir was significantly 
greater than that of the AC site, there was a significant tillage by residue removal rate and N 
fertilization rate effect on Fc. In general, the greatest Fc occurred under NT treatments with 0% 
residue removal at 0.21 cm min
-1
. Residue removal of 50 and 100% resulted in decrease of Fc by 
on average 36% compared to 0% residue removal treatments in both CT and NT treatments. 
Additionally, Fc in general increased with N fertilization rate across tillage and residue removal 
treatments. Many studies have shown decreases in Ir with residue removal due to soil surface 
sealing caused by raindrops impacting bare surface (Lindstrom, 1986; Blanco-Canqui and Lal, 
2007). Soils with strong soil structure stability such as soils with high aggregate MWD, reduces 
the effect of raindrops deterioration of aggregates and keeps soil pores open for flow of water. In 
the AC site, Fc values were significantly correlated with MWD (Table 2.11). However, in the 
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ASW site, Fc values were better correlated with A-SPR than MWD, indicating that the physical 
consolidation or cementation of soil particles and not the resistance of soil aggregates 
deterioration from raindrop impact was the major determinate for Fc.  
Conclusions 
After three years of residue removal under different management practices, the findings 
suggest that a portion of the corn residue that is left on the soil surface after harvest can be 
removed, with no negative impacts in the short term on yield for the sites and conditions in this 
study. However, significant decreases in SOC sequestration rates, MBC, ρb, A-SPR, MWD, and 
Ir were observed, which varied with soil type and management practices. In the poorly-drained 
soil at the AC site, average SOC sequestration rates were greater with 0% residue removal 
treatments at 2.65 Mg C ha
-1
 yr
-1
, compared to 50 and 100% residue removal treatments, which 
was on average -0.14 Mg C ha
-1
 yr
-1
 for the entire soil profile of 0 to 60 cm. Converting from CT 
to NT resulted in greater SOC sequestration rates under NT treatments which on average were 
2.05 Mg C ha
-1
 yr
-1
, 78% greater that of CT treatments for the 0 to 60 cm soil profile. 
Additionally, when averaged across tillage and residue removal treatments, the greatest 
sequestration rates occurred under 280 kg N ha
-1 
fertilization rates at 1.89 Mg C ha
-1
 yr
-1
, and 
decreased as N fertilization rate were reduced. In the well-drained soil at the ASW site, SOC 
sequestration rates were in general negative regardless of tillage, residue removal, and N 
fertilization rate at the 0 to 60 cm soil profile. The SOC content losses were significantly less 
under CT treatments at -1.15 Mg C ha
-1
 yr
-1
, compared to NT treatments at -6.56 Mg C ha
-1
 yr
-1
. 
Significant decreases in MBC for both sites were generally observed as residue removal rate 
increased in the top 15 cm soil depth. Additionally, MBC was on average 8% greater in NT 
compared to CT treatments in both sites. Higher ρb was observed in treatments in which 50 and 
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100% of residue was removed, and was more pronounced in NT treatments in the top 15 cm soil 
depth. Also, A-SPR also increased on average with residue removal rates in both sites, although 
greater increases in A-SPR with residue removal were observed in the ASW site. Aggregate 
MWD diameter was greater under NT treatments compared to CT when no residue was removed 
on average by 20% for both sites in the top 15 cm soil depth. However, the removal of 50 and 
100% of the residue resulted in significant decreases in MWD regardless of tillage or N 
fertilization rate. Water Ir rates were significantly reduced by 46% in the ASW site when 50 and 
100% of the residue was removed regardless of tillage or N fertilization rate. In the AC site, 
where Ir was relatively low compared to the ASW site, there was no significant effect of residue 
removal rate on Ir, although Ir was 29% greater in NT compared to CT treatments.      
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 Table 2.1. Soil bulk density, carbon, and nitrogen after three years of residue removal under different management practices at the 
top 15 cm soil profile depth in the Ames Central site (AC).         
 
Tillage 
Residue 
Removal 
N 
Fertilization 
Soil Bulk 
Density 
Soil C 
conc. 
Soil C 
mass 
Soil N 
conc. 
Soil N 
mass 
C/N 
ratio 
C 
Sequestration
±
 
N 
Sequestration
±
 
 % kg N ha
-1
 Mg m
-3
 mg kg
-1
 Mg ha
-1
 mg kg
-1
 Mg ha
-1
  Mg ha
-1
 yr
-1
 Mg ha
-1
 yr
-1
 
CT 0 0 1.27cde* 2.64ab 24.29abc 0.18a 1.68b 14.47ab -0.74de -0.07ab 
CT 0 170 1.33abcd 2.87ab 29.63abc 0.18a 1.84ab 14.24abc -0.47cde -0.16b 
CT 0 280 1.40abc 3.00ab 30.16abc 0.21a 2.12ab 14.23bc -0.06abcd -0.19b 
CT 50 0 1.37abcd 2.23b 22.38bc 0.26a 2.56a 10.29c 0.74abc 0.19a 
CT 50 170 1.36abcd 2.29b 21.31c 0.21a 1.93ab 10.99bc -0.46cde -0.04ab 
CT 50 280 1.19e 2.47ab 24.25abc 0.18a 1.76ab 13.80abc -1.81e -0.05ab 
CT 100 0 1.27de 2.23b 21.51c 0.24a 2.41ab 12.54abc -0.30bcd 0.16a 
CT 100 170 1.35abcd 2.46ab 23.23abc 0.21a 2.01ab 12.00bc 0.22abcd -0.02ab 
CT 100 280 1.36abcd 2.52ab 25.64abc 0.19a 1.93ab 13.51abc -0.41cd -0.07ab 
NT 0 0 1.39abcd 2.23b 23.18abc 0.19a 1.96ab 11.79bc -0.33bcd -0.05ab 
NT 0 170 1.40abc 2.83ab 28.42abc 0.23a 2.31ab 13.81abc -0.41cd 0.04ab 
NT 0 280 1.30bcde 2.58ab 25.61abc 0.18a 1.81ab 14.32abc 0.29abcd -0.04ab 
NT 50 0 1.33abcd 3.10ab 31.85ab 0.21a 2.18ab 14.81ab 0.17abcd 0.00ab 
NT 50 170 1.46a 2.43ab 26.80abc 0.21a 2.24ab 11.69bc 0.98ab 0.01ab 
NT 50 280 1.41ab 3.33a 33.24a 0.23a 2.33ab 14.30abc 0.97ab -0.03ab 
NT 100 0 1.37abcd 2.94ab 26.15abc 0.22a 1.96ab 13.37abc -1.76e -0.05ab 
NT 100 170 1.39abcd 2.25b 22.93bc 0.19a 1.91ab 11.92bc 0.37abcd -0.01ab 
NT 100 280 1.37abcd 2.94ab 30.26abc 0.21a 2.12ab 14.30abc 1.17a 0.00ab 
         
Baseline
+
 1.31 2.65 26.97 0.20 2.12 13.10   
*Means with the same lower-case letter within each column are not significantly different at p ≤ 0.10. 
± Soil C and N sequestration rates were calculated by comparing each individual plot soil C and N mass values to their 
corresponding baseline value prior to study treatments establishment. 
+Baseline values represent soil C and N that were collected prior to establishment of study treatments.  
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 Table 2.2. Soil bulk density, carbon, and nitrogen after three years of residue removal under different management practices at the 
15 to 30 cm soil profile depth in the Ames Central site (AC).     
 
Tillage 
Residue 
Removal 
N 
Fertilization 
Soil Bulk 
Density 
Soil C 
conc. 
Soil C 
mass 
Soil N 
conc. 
Soil N 
mass 
C/N 
ratio 
C 
Sequestration
±
 
N 
Sequestration
±
 
 % kg N ha
-1
 Mg m
-3
 mg kg
-1
 Mg ha
-1
 mg kg
-1
 Mg ha
-1
  Mg ha
-1
 yr
-1
 Mg ha
-1
 yr
-1
 
CT 0 0 1.45ab* 1.88ab 39.79abc 0.16abc 3.59abcde 11.53b 1.30abc -0.04abc 
CT 0 170 1.43ab 1.96a 39.99abc 0.15abc 3.03cde 13.22ab 0.37abcd -0.17bcde 
CT 0 280 1.39ab 1.95a 38.53abcd 0.16abc 3.23bcde 11.96ab 1.51abc -0.37e 
CT 50 0 1.35b 1.64ab 35.54abcd 0.18ab 3.95abc 9.02b 1.08abc 0.13a 
CT 50 170 1.45ab 1.62ab 37.22abcd 0.19a 4.29a 8.62b 0.73abc 0.08ab 
CT 50 280 1.39ab 1.87ab 30.72bcd 0.17ab 2.74e 10.96b -3.07d -0.22cde 
CT 100 0 1.34b 1.46ab 30.00cd o.16abc 3.27bcde 9.18b -1.27cd -0.10abcde 
CT 100 170 1.36b 1.76ab 38.37abcd 0.17ab 3.75abcd 10.31b 1.31abc 0.05abc 
CT 100 280 1.46ab 1.52ab 33.96abcd 0.15abc 3.44abcde 9.89b -0.18abcd -0.13abcde 
NT 0 0 1.40ab 1.19b 24.42d 0.16abc 3.17bcde 7.56b -0.78bcd -0.12abcde 
NT 0 170 1.44ab 2.08a 47.07a 0.17ab 3.84abcd 12.31ab 2.33ab 0.04abc 
NT 0 280 1.34b 2.15a 43.16abc 0.19a 3.73abcd 11.59b 2.43ab 0.06abc 
NT 50 0 1.41ab 1.85a 41.73abc 0.19a 4.02ab 10.41b 0.54abc 0.07abc 
NT 50 170 1.43ab 1.78ab 38.48abcd 0.17ab 3.71abcd 10.41b 0.45abcd -0.03abc 
NT 50 280 1.51a 1.92a 45.26ab 0.13c 2.99de 18.03a 3.19a -0.33de 
NT 100 0 1.46ab 1.78ab 37.06abcd 0.16abc 3.33bcde 10.96b -0.99bcd -0.06abcd 
NT 100 170 1.42ab 1.50ab 32.37bcd 0.17ab 3.61abcde 8.86b -0.06abcd 0.11ab 
NT 100 280 1.42ab 1.89ab 40.47abc 0.17ab 3.67abcde 11.03b 0.60abc 0.02abc 
         
Baseline
+
 1.34 1.76 35.91 0.17 3.69 10.88   
*Means with the same lower-case letter within each column are not significantly different at p ≤ 0.10. 
± Soil C and N sequestration rates were calculated by comparing each individual plot soil C and N mass values to their 
corresponding baseline value prior to study treatments establishment. 
+Baseline values represent soil C and N that were collected prior to establishment of study treatments.  
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 Table 2.3. Soil bulk density, carbon, and nitrogen after three years of residue removal under different management practices at the 
30 to 45 cm soil profile depth in the Ames Central site (AC).     
Tillage 
Residue 
Removal 
N 
Fertilization 
Soil Bulk 
Density 
Soil C 
conc. 
Soil C 
mass 
Soil N 
conc. 
Soil N 
mass 
C/N 
ratio 
C 
Sequestration
±
 
N 
Sequestration
±
 
 % kg N ha
-1
 Mg m
-3
 mg kg
-1
 Mg ha
-1
 mg kg
-1
 Mg ha
-1
  Mg ha
-1
 yr
-1
 Mg ha
-1
 yr
-1
 
CT 0 0 1.46ab* 1.04ab 21.91ab 0.13ab 2.80c 7.91a 1.14abc -0.19e 
CT 0 170 1.45abc 1.00ab 23.38ab 0.14ab 3.01abc 7.42a 0.78abc 0.04abcde 
CT 0 280 1.51ab 0.84ab 19.05ab 0.14ab 3.22abc 6.86a 0.86abc -0.17de 
CT 50 0 1.46ab 0.99ab 22.17ab 0.16a 3.59abc 6.21a -0.78bc 0.02abcde 
CT 50 170 1.45abc 1.18a 24.81ab 0.15a 3.22abc 7.71a -0.74bc -0.15cde 
CT 50 280 1.37abc 1.10ab 26.46a 0.14ab 3.32abc 7.98a 1.10abc 0.12abcde 
CT 100 0 1.39abc 0.95ab 20.57ab 0.15a 3.31abc 6.10a -1.71c 0.05abcde 
CT 100 170 1.34bc 1.09ab 22.90ab 0.14ab 2.96abc 7.79a -0.05abc -0.01abcde 
CT 100 280 1.27c 0.69ab 14.32ab 0.14ab 2.86bc 4.90a -1.47c 0.01abcde 
NT 0 0 1.45abc 0.55b 12.90b 0.13a 2.94abc 4.41a 0.56abc -0.11bcde 
NT 0 170 1.46ab 1.16a 26.31a 0.17a 3.75a 7.06a 2.00ab 0.25a 
NT 0 280 1.37abc 1.27a 25.15a 0.15a 2.99abc 8.42a 1.17abc -0.05abcde 
NT 50 0 1.44abc 1.00ab 21.25ab 0.17a 3.69ab 5.75a 0.23abc 0.24a 
NT 50 170 1.35bc 1.15ab 24.84ab 0.17a 3.64abc 6.92a 0.89abc 0.17abcd 
NT 50 280 1.53a 0.87ab 21.06ab 0.10b 3.05abc 8.77a -1.50c -0.19e 
NT 100 0 1.47ab 0.95ab 23.59ab 0.15a 3.76a 6.32a 2.06a 0.24ab 
NT 100 170 1.40abc 0.87ab 19.46ab 0.13ab 2.98abc 6.54a 0.60abc 0.02abcde 
NT 100 280 1.42abc 0.98ab 22.36ab 0.15a 3.45abc 6.36a 1.02abc 0.19abc 
         
Baseline
+
 1.36 0.99 20.59 0.14 3.17 6.81   
*Means with the same lower-case letter within each column are not significantly different at p ≤ 0.10. 
± Soil C and N sequestration rates were calculated by comparing each individual plot soil C and N mass values to their 
corresponding baseline value prior to study treatments establishment. 
+Baseline values represent soil C and N that were collected prior to establishment of study treatments.  
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 Table 2.4. Soil bulk density, carbon, and nitrogen after three years of residue removal under different management practices at the 
45 to 60 cm soil profile depth in the Ames Central site (AC).     
Tillage 
Residue 
Removal 
N 
Fertilization 
Soil Bulk 
Density 
Soil C 
conc. 
Soil C 
mass 
Soil N 
conc. 
Soil N 
mass 
C/N 
ratio 
C 
Sequestration
±
 
N 
Sequestration
±
 
 % kg N ha
-1
 Mg m
-3
 mg kg
-1
 Mg ha
-1
 mg kg
-1
 Mg ha
-1
  Mg ha
-1
 yr
-1
 Mg ha
-1
 yr
-1
 
CT 0 0 1.51ab* 0.84ab 19.99abc 0.13abc 3.13abc 6.38abc 0.50abc 0.01abc 
CT 0 170 1.45ab 0.72ab 16.54abcd 0.12c 2.82bc 5.85abc 0.26abc 0.07abc 
CT 0 280 1.50ab 0.61abc 14.85bcd 0.12c 3.10bc 4.96abc 2.48a -0.11c 
CT 50 0 1.39abc 0.59bc 12.76bcde 0.16a 3.53ab 3.57bc -3.42d 0.25ab 
CT 50 170 1.54a 0.55bc 14.66bcd 0.16ab 4.10a 3.51bc 0.96abc 0.31a 
CT 50 280 1.37bc 0.65abc 13.65bcde 0.15abc 3.14abc 4.36bc 0.24abc 0.20abc 
CT 100 0 1.37bc 0.80ab 15.74abcd 0.15abc 2.45c 5.65abc -0.16abc 0.05abc 
CT 100 170 1.25c 0.67abc 12.74bcde 0.15abc 2.82bc 4.57bc 0.08abc 0.13abc 
CT 100 280 1.46ab 0.25c 6.84d 0.13abc 2.74bc 2.22c -1.37cd -0.03bc 
NT 0 0 1.42ab 0.58bc 12.61bcde 0.13bc 2.72bc 4.64bc 0.39abc -0.02bc 
NT 0 170 1.42ab 0.49abc 10.54cde 0.14abc 3.10bc 3.41bc -0.72bcd 0.15abc 
NT 0 280 1.41abc 1.04a 24.61a 0.14abc 3.33abc 7.43ab 2.52a 0.11abc 
NT 50 0 1.48ab 0.65abc 15.27abcd 0.14abc 3.26abc 4.70bc -0.06abc 0.07abc 
NT 50 170 1.42ab 0.45bc 9.71de 0.14abc 3.06bc 3.25bc -0.75bcd 0.06abc 
NT 50 280 1.50ab 0.88ab 20.78ab 0.12c 2.88bc 9.25a 0.54abc -0.05bc 
NT 100 0 1.44ab 0.61abc 14.49bcd 0.14abc 3.23abc 4.48bc 0.26abc 0.16abc 
NT 100 170 1.37bc 0.61abc 13.33bcde 0.13abc 2.85bc 4.50bc -0.97cd 0.11abc 
NT 100 280 1.44ab 0.86ab 18.83abcd 0.15abc 3.24abc 5.91abc 1.07abc 0.17abc 
         
Baseline
+
 1.38 0.66 14.15 0.13 2.83 4.92   
*Means with the same lower-case letter within each column are not significantly different at p ≤ 0.10. 
± Soil C and N sequestration rates were calculated by comparing each individual plot soil C and N mass values to their 
corresponding baseline value prior to study treatments establishment. 
+Baseline values represent soil C and N that were collected prior to establishment of study treatments.  
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Table 2.5. Soil carbon and nitrogen after three years of residue removal under different management practices at the 0 to 60 cm 
soil profile depth in the Ames Central site (AC).     
 
Tillage 
Residue 
Removal 
N 
Fertilization 
Soil C 
mass 
Soil N 
mass 
C 
Sequestration
±
 
N 
Sequestration
±
 
 % kg N ha
-1
 Mg ha
-1
 Mg ha
-1
 Mg ha
-1
 yr
-1
 Mg ha
-1
 yr
-1
 
CP 0 0 90.97abc* 11.15ab 0.76abcd -0.31abc 
CP 0 170 108.55ab 10.72b 0.95abcd -0.22abc 
CP 0 280 102.57abc 11.67ab 4.79ab -0.84bc 
CP 50 0 92.84abc 12.56ab -2.37cd 0.21abc 
CP 50 170 98.00abc 13.37a 0.5abcd 0.14abc 
CP 50 280 93.08abc 11.23ab -3.53d 0.14abc 
CP 100 0 87.82abc 11.37ab -3.44d -0.01abc 
CP 100 170 97.22abc 11.48ab 1.56abcd 0.13abc 
CP 100 280 78.75bc 10.91ab -3.42d -0.24abc 
NT 0 0 73.1c 10.80ab -0.16bcd -0.3abc 
NT 0 170 112.34a 12.86ab 3.2abc 0.43a 
NT 0 280 118.53a 11.81ab 6.4a 0.07abc 
NT 50 0 110.10ab 13.11ab 0.88abcd 0.36a 
NT 50 170 99.22abc 12.45ab 1.57abcd 0.14abc 
NT 50 280 120.34a 11.15ab 3.19abc -0.66bc 
NT 100 0 101.20abc 12.17ab -0.43bcd 0.24ab 
NT 100 170 88.09abc 11.29ab -0.07bcd 0.22ab 
NT 100 280 111.91ab 12.40ab 3.87ab 0.36a 
     
Baseline
+
 97.13 11.82   
*Means with the same lower-case letter within each column are not significantly different at p ≤ 0.10. 
± Soil C and N sequestration rates were calculated by comparing each individual plot soil C and N mass values to their 
corresponding baseline value prior to study treatments establishment. 
+Baseline values represent soil C and N that were collected prior to establishment of study treatments.  
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Table 2.6. Soil bulk density, carbon, and nitrogen after three years of residue removal under different management practices at the 
top 15 cm soil profile depth in the Armstrong Southwest site (ASW).     
 
Tillage 
Residue 
Removal 
N 
Fertilization 
Soil Bulk 
Density 
Soil C 
conc. 
Soil C 
mass 
Soil N 
conc. 
Soil N 
mass 
C/N  
ratio 
C 
Sequestration
±
 
N 
Sequestration
±
 
 % kg N ha
-1
 Mg m
-3
 mg kg
-1
 Mg ha
-1
 mg kg
-
1
 
Mg ha
-
1
 
 Mg ha
-1
 yr
-1
 Mg ha
-1
 yr
-1
 
CT 0 0 1.14ab* 2.36ab 20.38ab 0.20a 1.70a 12.09abcd -0.45abcd 0.01ab 
CT 0 170 1.25a 2.25abcde 20.25ab 0.19a 1.71a 11.81abcd -0.21ab -0.01ab 
CT 0 280 1.11ab 2.37a 20.72ab 0.20a 1.72a 12.00abcd -0.64bcde 0.02ab 
CT 50 0 1.08ab 2.19cdef 19.29ab 0.20a 1.79a 10.78cde -1.19e 0.06a 
CT 50 170 0.99b 2.22abcde 18.64b 0.20a 1.67a 11.16cde -0.67bcde 0.07a 
CT 50 280 1.12ab 2.21abcde 19.69ab 0.20a 1.80a 10.93cde -0.32abc 0.04a 
CT 100 0 1.22a 2.11def 19.75ab 0.20a 1.85a 10.78cde -0.23ab 0.03ab 
CT 100 170 1.17ab 2.27abcd 20.50ab 0.20a 1.79a 11.41abcd -0.72bcde 0.00ab 
CT 100 280 1.25a 2.20bcde 20.42ab 0.20a 1.85a 11.04cde 0.02a 0.01ab 
NT 0 0 1.19ab 2.14def 19.24ab 0.20a 1.79a 10.75cde -0.97de 0.02ab 
NT 0 170 1.22a 2.09ef 19.22ab 0.19a 1.71a 11.34bcd -0.49abcd -0.04abc 
NT 0 280 1.17ab 2.31abc 21.46a 0.18a 1.69a 12.89ab -0.42abcd -0.01ab 
NT 50 0 1.22a 2.4def 20.19ab 0.20a 1.91a 10.65cde -0.88cde 0.05a 
NT 50 170 1.24a 2.18cdef 20.82ab 0.18a 1.71a 12.19abc -0.44abcd -0.04abc 
NT 50 280 1.22a 2.13def 19.73ab 0.17a 1.56a 12.99ab -0.52abcd -0.08bc 
NT 100 0 1.26a 2.12def 20.24ab 0.18a 1.57a 13.11a -0.80bcde -0.13c 
NT 100 170 1.24a 2.02f 19.66ab 0.20a 1.86a 10.04e -0.52abcd 0.05a 
NT 100 280 1.25a 2.11def 19.28ab 0.20a 1.87a 10.44de -0.68bcde -0.03abc 
         
Baseline
+
 1.26 2.26 21.66 0.19 1.75 11.46   
*Means with the same lower-case letter within each column are not significantly different at p ≤ 0.10. 
± Soil C and N sequestration rates were calculated by comparing each individual plot soil C and N mass values to their 
corresponding baseline value prior to study treatments establishment. 
+Baseline values represent soil C and N that were collected prior to establishment of study treatments.  
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Table 2.7. Soil bulk density, carbon, and nitrogen after three years of residue removal under different management practices at the 
15 to 30 cm soil profile depth in the Armstrong Southwest site (ASW).         
 
Tillage 
Residue 
Removal 
N 
Fertilization 
Soil Bulk 
Density 
Soil C 
conc. 
Soil C 
mass 
Soil N 
conc. 
Soil N 
mass 
C/N 
ratio 
C 
Sequestration
±
 
N 
Sequestration
±
 
 % kg N ha
-1
 Mg m
-3
 mg kg
-1
 Mg ha
-1
 mg kg
-1
 Mg ha
-1
  Mg ha
-1
 yr
-1
 Mg ha
-1
 yr
-1
 
CT 0 0 1.17bcdef 2.26a 39.26a 0.19ab 3.31abcd 11.92ab -0.02abc -0.04abc 
CT 0 170 1.24abc 2.06abcd 40.00a 0.20ab 3.92a 10.26b 1.72a 0.19a 
CT 0 280 1.24abc 2.16abc 39.06a 0.20ab 3.54ab 11.01ab 0.56ab 0.00abc 
CT 50 0 1.25a 1.98abcde 34.75abcd 0.20ab 3.49abc 10.40b -0.51bcd -0.02abc 
CT 50 170 1.18abcdef 2.18ab 34.58abcd 0.18abc 2.87bcd 12.03ab -1.56cde -0.14bcd 
CT 50 280 1.13f 2.26a 36.99abc 0.22a 3.52ab 10.48b -0.80bcd 0.05abc 
CT 100 0 1.15de 2.05abcde 35.82abcd 0.17bc 2.91bcd 12.46ab -0.21abc -0.10abc 
CT 100 170 1.21abcde 2.16abc 39.57a 0.20ab 3.69ab 10.70ab 0.13abc 0.06abc 
CT 100 280 1.21abcde 2.04abcde 38.35ab 0.20ab 3.71ab 10.36b -0.07abc 0.11ab 
NT 0 0 1.23abc 1.90bcdef 33.64abcd 0.18abc 3.10abcd 10.84ab -1.01bcde -0.10abc 
NT 0 170 1.18abcdef 1.89bcdef 34.13abcd 0.18abc 3.35abcd 10.31b -1.05bcde -0.04abc 
NT 0 280 1.14f 2.11abcd 36.39abc 0.18abc 3.12abcd 11.72ab -1.81cde -0.05abc 
NT 50 0 1.24ab 1.80def 33.42abcd 0.19ab 3.48abcd 9.65b -1.80cde -0.09abc 
NT 50 170 1.22abcd 1.79def 32.21bcd 0.17abc 3.13abcd 10.34b -1.28bcde -0.17bcd 
NT 50 280 1.20abcdef 1.62f 29.23d 0.18abc 3.34abcd 9.56b -2.83e -0.14bcd 
NT 100 0 1.17cdef 1.96abcde 34.39abcd 0.14c 2.48d 13.91a -1.64cde -0.44d 
NT 100 170 1.14ef 1.73ef 30.35cd 0.14c 2.52cd 12.53ab -2.42de -0.24cd 
NT 100 280 1.19abcdef 1.85cdef 34.93abcd 0.20ab 3.71ab 9.46b -0.80bcd 0.12ab 
         
Baseline
+
 1.17 2.11 37.96 0.19 3.46 11.01   
*Means with the same lower-case letter within each column are not significantly different at p ≤ 0.10. 
± Soil C and N sequestration rates were calculated by comparing each individual plot soil C and N mass values to their 
corresponding baseline value prior to study treatments establishment. 
+Baseline values represent soil C and N that were collected prior to establishment of study treatments.  
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Table 2.8. Soil bulk density, carbon, and nitrogen after three years of residue removal under different management practices at the 
30 to 45 cm soil profile depth in the Armstrong Southwest site (ASW).     
 
Tillage 
Residue 
Removal 
N 
Fertilization 
Soil Bulk 
Density 
Soil C 
conc. 
Soil C 
mass 
Soil N 
conc. 
Soil N 
mass 
C/N 
ratio 
C 
Sequestration
±
 
N 
Sequestration
±
 
 % kg N ha
-1
 Mg m
-3
 mg kg
-1
 Mg ha
-1
 mg kg
-1
 Mg ha
-1
  Mg ha
-1
 yr
-1
 Mg ha
-1
 yr
-1
 
CT 0 0 1.07bcd 1.88ab 32.02abc 0.18abcd 3.06abcd 10.49ab -0.42bcd 0.04abcd 
CT 0 170 1.15a 1.80abc 31.10abc 0.18abcde 3.04abcde 10.19ab 0.42b -0.01abcd 
CT 0 280 1.11abcd 1.96a 34.51a 0.18abcde 3.12abc 11.07a 0.45b 0.00abcd 
CT 50 0 1.14ab 1.60bcde 27.83bcd 0.17abcdef 3.00abcdef 9.30abc -0.76bcd -0.05bcde 
CT 50 170 1.06cd 1.88ab 33.47ab 0.20abc 3.55a 9.43abc 0.26b 0.18a 
CT 50 280 1.08abcd 1.93ab 33.54ab 0.20abc 3.45ab 9.72ab 3.18a 0.11ab 
CT 100 0 1.05cd 1.67abcde 27.95bcd 0.17abcdef 2.90bcdef 9.69abc -0.75bcd 0.02abcd 
CT 100 170 1.10abcd 1.88ab 31.67abc 0.20ab 3.40ab 9.32abc -0.36bc 0.12ab 
CT 100 280 1.07bcd 1.65abcde 28.35abcd 0.17abcdef 2.97abcdef 9.48abc -0.85bcde 0.03abcd 
NT 0 0 1.06cd 1.44def 26.10cde 0.18abcde 3.22abc 8.12bc -2.62cde 0.07abcd 
NT 0 170 1.07bcd 1.41def 23.73de 0.17abcdef 2.89bcdef 8.98bc -1.48bcde -0.13cdef 
NT 0 280 1.05d 1.72abcd 28.46abcd 0.16cdef 2.72cdef 10.52ab -0.15b -0.13def 
NT 50 0 1.08abcd 1.42def 23.14de 0.21a 3.37ab 6.91c -1.62bcde 0.08abc 
NT 50 170 1.14abc 1.35ef 24.43de 0.17bcdef 3.03abcde 8.07bc -1.45bcde -0.05bcde 
NT 50 280 1.09abcd 1.38def 23.58de 0.14ef 2.42ef 10.17ab -0.07b -0.26ef 
NT 100 0 1.07bcd 1.52cdef 26.77cd 0.14f 2.44def 10.99a -0.33bc -0.30f 
NT 100 170 1.12abcd 1.18f 19.87e 0.15def 2.39f 8.71abc -3.19e -0.24ef 
NT 100 280 1.06bcd 1.45def 25.65cde 0.18abc 3.27abc 7.98bc -2.75de 0.05abcd 
       
Baseline
+
 1.13 1.72 29.98 0.18 3.09 9.35   
*Means with the same lower-case letter within each column are not significantly different at p ≤ 0.10. 
± Soil C and N sequestration rates were calculated by comparing each individual plot soil C and N mass values to their 
corresponding baseline value prior to study treatments establishment. 
+Baseline values represent soil C and N that were collected prior to establishment of study treatments.  
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Table 2.9. Soil bulk density, carbon, and nitrogen after three years of residue removal under different management practices at the 
45 to 60 cm soil profile depth in the Armstrong Southwest site (ASW).  
 
Tillage 
Residue 
Removal 
N 
Fertilization 
Soil 
Bulk 
Density 
Soil C 
conc. Soil C mass 
Soil N 
conc. 
Soil N 
mass 
C/N 
ratio 
C 
Sequestration
±
 
N 
Sequestration
±
 
 % kg N ha
-1
 Mg m
-3
 mg kg
-1
 Mg ha
-1
 mg kg
-1
 Mg ha
-1
  Mg ha
-1
 yr
-1
 Mg ha
-1
 yr
-1
 
CT 0 0 1.04bcd 1.37ab 21.32abcd 0.17abcde 2.59abcd 8.24ab -0.97abcd -0.01bcd 
CT 0 170 1.06abcd 1.34abcd 22.49abc 0.17abcde 2.85ab 7.90abc 0.64a 0.09ab 
CT 0 280 1.09abc 1.57a 25.84a 0.18abc 2.97ab 8.70ab -0.02ab 0.03abc 
CT 50 0 1.16a 1.08bcdef 19.40abcdef 0.12e 2.06bcd 10.44a -1.14bcd -0.26de 
CT 50 170 0.99cd 1.38ab 19.67abcde 0.17abcde 2.36bcd 8.34ab -1.15bcd -0.04bcd 
CT 50 280 1.04bcd 1.56a 23.99ab 0.20ab 2.73abc 8.70ab -0.63abc -0.03bcd 
CT 100 0 1.03bcd 1.24abcd 18.35abcdef 0.15cde 2.20bcd 8.39ab -0.98abcd -0.10bcd 
CT 100 170 1.08abcd 1.35abc 22.32abc 0.22a 3.44a 6.49bc -0.08ab 0.26a 
CT 100 280 0.98d 1.17bcdef 16.54cdef 0.17abcd 2.47bcd 6.78bc -2.00cde 0.01abc 
NT 0 0 1.07abcd 0.87efg 13.38ef 0.19abc 2.90ab 4.86c -2.61de 0.06abc 
NT 0 170 1.00cd 1.14bcdef 16.59bcdef 0.15bcde 2.225bcd 7.49abc -1.89cde -0.16bcde 
NT 0 280 1.01bcd 1.22abcde 17.47bcdef 0.15bcde 2.21bcd 7.89abc -2.85e -0.18cde 
NT 50 0 1.09abc 0.98defg 16.29bcdef 0.17abcde 2.74abc 6.06bc -2.96e -0.07bcd 
NT 50 170 1.11ab 0.85fg 13.94def 0.14cde 2.40bcd 5.94bc -2.16cde -0.15bcde 
NT 50 280 0.99cd 0.88efg 12.76ef 0.14cde 2.06bcd 6.44bc -3.08e -0.19cde 
NT 100 0 1.04bcd 1.01cdefg 15.08cdef 0.12e 1.76d 8.41ab -3.25e -0.39e 
NT 100 170 1.04bcd 0.76g 11.74f 0.13de 1.91cd 6.21bc -3.14e -0.25de 
NT 100 280 1.06abcd 0.85fg 12.55ef 0.17abcd 2.52bcd 4.93c -3.05e -0.10bcd 
         
Baseline
+
 1.14 1.32 22.98 0.17 2.71 7.34   
*Means with the same lower-case letter within each column are not significantly different at p ≤ 0.10. 
± Soil C and N sequestration rates were calculated by comparing each individual plot soil C and N mass values to their 
corresponding baseline value prior to study treatments establishment. 
+Baseline values represent soil C and N that were collected prior to establishment of study treatments.  
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Table 2.10. Soil carbon and nitrogen after three years of residue removal under different management practices at the 0 to 60 cm 
soil profile depth in the Armstrong Southwest site (ASW).   
 
Tillage 
Residue 
Removal 
N 
Fertilization 
Soil C 
mass 
Soil N 
mass 
C 
Sequestration
±
 
N 
Sequestration
±
 
 % kg N ha
-1
 Mg ha
-1
 Mg ha
-1
 Mg ha
-1
 yr
-1
 Mg ha
-1
 yr
-1
 
CT 0 0 112.97ab 10.66ab -1.86bcde 0.00abc 
CT 0 170 113.84ab 11.53ab 2.56a 0.26ab 
CT 0 280 120.14a 11.34ab 0.35abc 0.05abc 
CT 50 0 101.28abcd 10.35abc -3.60cdefg -0.28bcd 
CT 50 170 106.37abc 10.45abc -3.13cdefg 0.07abc 
CT 50 280 114.22ab 11.50ab 1.42ab 0.17abc 
CT 100 0 101.87abcd 9.86bc -2.18bcde -0.15abcd 
CT 100 170 114.07ab 12.32a -1.03abcd 0.44a 
CT 100 280 103.68abcd 11.00ab -2.91cdef 0.17abc 
NT 0 0 92.35cde 11.02ab -7.20gh 0.04abc 
NT 0 170 93.66cde 10.20abc -4.91defg -0.37cd 
NT 0 280 103.77abcd 9.74bc -5.23defgh -0.37cd 
NT 50 0 93.05cde 11.50ab -7.26gh -0.03abc 
NT 50 170 91.40cde 10.28abc -5.33hefgh -0.41cd 
NT 50 280 85.30de 9.39bc -6.51fgh -0.68de 
NT 100 0 96.50bcde 8.25c -6.02efgh -1.26e 
NT 100 170 81.71e 9.44bc -9.27h -0.45cd 
NT 100 280 92.41cde 11.37ab -7.28gh 0.04abc 
     
Baseline
+
 112.59 11.02   
*Means with the same lower-case letter within each column are not significantly different at p ≤ 0.10. 
± Soil C and N sequestration rates were calculated by comparing each individual plot soil C and N mass values to their 
corresponding baseline value prior to study treatments establishment. 
+Baseline values represent soil C and N that were collected prior to establishment of study treatments.  
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Table 2.11. Correlations between soil mass carbon (SOC), microbial biomass carbon (MBC), bulk density (ρb), adjusted soil 
penetration resistance (A-SPR), aggregate mean weight diameter (MWD), and final infiltration capacity (Fc) in the Ames Central 
site (AC) in the top 15 cm soil depth. 
 
 SOC MBC ρb A-SPR MWD Fc 
 r p-value r p-value r p-value r p-value r p-value r p-value 
SOC − − 0.66 0.0006 0.13 0.4899 -0.37 0.0601 0.42 0.0413 0.31 0.7893 
MBC 0.66 0.0006 − − 0.05 0.5650 -0.42 0.0147 0.31 0.1065 0.08 0.9493 
ρb 0.13 0.4899 0.05 0.5650 − − − 0.8814 -0.09 0.9204 0.10 0.5604 
A-SPR -0.37 0.0601 -0.42 0.0147 0.02 0.8814 0.02 − -0.21 0.3103 -0.05 0.7314 
MWD 0.42 0.0413 0.31 0.1065 -0.09 0.9204 -0.21 0.3103  − 0.57 0.0314 
Fc 0.31 0.7893 0.08 0.9493 0.10 0.5604 -0.05 0.7314 0.57 0.0314 − − 
 
 
 
 
Table 2.12. Correlations between soil mass carbon (SOC), microbial biomass carbon (MBC), bulk density (ρb), adjusted soil 
penetration resistance (A-SPR), aggregate mean weight diameter (MWD), and final infiltration capacity (Fc) in the Armstrong 
Southwest site (ASW) in the top 15 cm soil depth. 
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 SOC MBC ρb A-SPR MWD Fc 
 r p-value r p-value r p-value r p-value r p-value r p-value 
SOC  − 0.45 0.0462 0.78 <0.0001 -0.01 0.7689 0.01 0.9477 -0.04 0.6686 
MBC 0.45 0.0462  − 0.60 0.0023 -0.33 0.0320 -0.35 0.9551 -0.24 0.3662 
ρb 0.78 <0.0001 0.60 0.0023  − -0.21 0.6547 -0.34 0.0757 -0.04 0.3596 
A-SPR -0.01 0.7689 -0.35 0.0320 -0.31 0.6547  − 0.48 0.0010 -0.04 0.1047 
MWD 0.01 0.002 -0.38 0.9551 -0.34 0.0757 0.48 0.0010  − -0.04 0.7551 
Fc -0.04 0.6686 -0.24 0.3662 -0.04 0.3596 -0.03 0.1047 -0.05 0.7551  − 
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Fig. 2.1. Average monthly air temperature and cumulated rainfall from 1982 to 2011 (solid line), and by year (bars) in the Ames 
Central site (AC). 
 
 
 
 
 
 
4
3
 
 ASW 2010
2010
Avg. 1982-2011
Month
Ja
n
Fe
b
M
ar
Ap
r
M
ay Ju
n
Ju
l
Au
g
Se
p
O
ct
N
ov
D
ec
ASW 2011
2011
Avg. 1982-2011
Month
Ja
n
Fe
b
M
ar
Ap
r
M
ay Ju
n
Ju
l
Au
g
Se
p
O
ct
N
ov
D
ec
ASW 2009
A
ir
 T
e
m
p
e
ra
tu
re
 (
o
C
)
-5
0
5
10
15
20
25
30
2009
Avg. 1982-2011
Month
Ja
n
Fe
b
M
ar
Ap
r
M
ay Ju
n
Ju
l
Au
g
Se
p
O
ct
N
ov
D
ec
C
u
m
u
la
te
d
 R
a
in
fa
ll
 (
m
m
)
0
50
100
150
200
250
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.2. Average monthly air temperature and cumulated rainfall from 1982 to 2011 (solid line), and by year (bars) in the 
Armstrong Southwest site (ASW). 
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Fig. 2.3. Residue removal effects on corn grain yield by tillage, nitrogen fertilization rate, 
and year in the Ames Central site (AC). Means with the same lower-case letter across all 
management practices (tillage, residue removal rate, and N rate), within each year are not 
significantly different at p ≤ 0.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.4. Residue removal effects on corn grain yield by tillage, nitrogen fertilization rate, 
and year in the Armstrong Southwest site (ASW). Means with the same lower-case letter 
across all management practices (tillage, residue removal rate, and N rate), within each year 
are not significantly different at p ≤ 0.10. 
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Fig. 2.5. Residue removal effects on soil temperature and water content from early May to 
late June by tillage and year averaged across nitrogen fertilization rates in the Ames Central 
site (AC). Means with the same lower-case letter across tillage and residue removal within 
each year are not significantly different at p ≤ 0.10. 
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Fig. 2.6. Residue removal effects on soil temperature and water content from early May to 
late June by tillage and year averaged across nitrogen fertilization rates in the Armstrong 
Southwest site (ASW). Means with the same lower-case letter across tillage and residue 
removal within each year are not significantly different at p ≤ 0.10. 
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Fig. 2.7. Soil microbial biomass carbon after three years of residue removal by tillage and 
site averaged across nitrogen fertilization rates. Means with the same lower-case letter across 
tillage and residue removal within each site are not significantly different at p ≤ 0.10. 
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Fig. 2.8. Soil water content and penetration resistance, unadjusted and adjusted to a common 
value of soil gravimetric water content of 0.27 g g
-1
, after three years of residue removal and 
by tillage in the Ames Central site (AC). Means noted with a different lower-case letter 
within each treatment and soil depth are significantly different at p ≤ 0.10. 
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Fig. 2.9. Soil water content and penetration resistance, unadjusted and adjusted to a common 
value of soil gravimetric water content of 0.27 g g
-1
, after three years of residue removal and 
by tillage in the Armstrong Southwest site (ASW). Means noted with a different lower-case 
letter within each treatment and soil depth are significantly different at p ≤ 0.10. 
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Fig. 2.10. Water stable aggregate distribution as affected by tillage, residue removal, and nitrogen fertilization in the Ames Central 
site (AC). Means with the same lower-case letter across all management practices (tillage, residue removal rate, and N rate), of the 
same size fraction are not significantly different at p ≤ 0.10. 
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Fig.2. 11. Water stable aggregate distribution as affected by tillage, residue removal, and nitrogen fertilization in the Armstrong 
Southwest site (ASW). Means with the same lower-case letter across all management practices (tillage, residue removal rate, and 
N rate) of the same size fraction are not significantly different at p ≤ 0.10. 
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Fig. 2.12. Aggregate mean weight diameter as affected by tillage, residue removal, and 
nitrogen fertilization in the Ames Central site (AC). Means with the same lower-case letter 
across treatments within each figure are not significantly different at p ≤ 0.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.13. Aggregate mean weight diameter as affected by tillage, residue removal, and 
nitrogen fertilization in the Armstrong Southwest site (ASW). Means with the same lower-
case letter across all treatments (tillage, residue removal rate, and N rate) are not significantly 
different at p ≤ 0.10. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.14. Water infiltration rate as fitted by Horton’s infiltration model parameters by tillage, residue removal, and nitrogen 
fertilization rate in the Ames Central site (AC). Parameters b and FC are the steepness of the curve, and the final infiltration 
capacity, respectively.  Means with the same lower-case letter across all management practices (tillage, residue removal rate, and 
N rate) of the same parameter are not significantly different at p ≤ 0.10. 
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Fig. 2.15. Water infiltration rate as fitted by Horton’s infiltration model parameters by tillage, residue removal, and nitrogen 
fertilization rate in the Armstrong Southwest site (ASW). Parameters b and FC are the steepness of the curve, and the final 
infiltration capacity, respectively.  Means with the same lower-case letter across all management practices (tillage, residue removal 
rate, and N rate) of the same parameter are not significantly different at p ≤ 0.10. 
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CHAPTER 3  
RESIDUE MANAGEMENT EFFECTS ON SOIL TEMPERATURE, WATER 
CONTENT, AND GREENHOUSE GAS EMISSIONS  
Abstract 
Crop residue left on the surface after harvest is a potential feedstock source for bioethanol 
production that may alleviate some of the United States dependence on foreign fuel and net 
GHG. The removal of crop residue, however, may require farmers to change their current tillage 
and fertilization practices to prevent against potential soil erosion and depletion in soil nutrients. 
The objectives of this study were to examine how tillage, N fertilization rates, residue removal, 
and there interactions affect soil temperature, soil water content, and soil mineral N, and how 
these factors affect CO2, and N2O soil surface emissions. Additionally, this study quantified 
cumulative GHG emissions effects on GWP in Central Iowa. Soil surface GHG emissions were 
measured at 6 to 10 d intervals from April to November, and monthly from December to March 
for 2008 to 2011. Greater CO2 emissions coincided with higher soil temperatures typically 
observed with CT compared to NT. This resulted in greater annual cumulative CO2 emissions in 
CT compared to NT in years where soil water content remained near field capacity. The removal 
of corn residue typically resulted in reduction of CO2 emissions, although under extended 
conditions when soil water content was below field capacity, greater CO2 emissions were 
observed with residue removal which was attributed to higher soil temperatures. As expected, 
N2O emissions increased with N rate and coincided strongly with soil mineral N levels. Nitrous 
oxide emissions were greater in CT than in NT due to higher soil temperatures, and water 
content not being the limiting factor for nitrification and denitrification processes. Management 
practices that reduce soil organic mineralization via reducing soil temperature and oxidation such 
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as in NT, is a viable strategic mean for mitigation of CO2-C emissions. Although N2O-N 
emissions contributions to GWP were considerably lower than CO2-C emissions, differences in 
N fertilization rates did have a significant impact on GWP in this study. 
Introduction 
Corn (Zea mays L.) residue left on the surface after harvest is a potential feedstock source 
for bioethanol production which can contribute to the reduction of fossil fuel use and net 
greenhouse gas (GHG) emissions (Wilhelm et al., 2004; Graham et al., 2007). Although, it is 
currently more expensive to produce ethanol from lignocellulosics than from starches, it is 
projected that improvements in technology and scale of production will improve these costs 
(Foust et al., 2009). Additionally, the process of producing bioethanol from lignocellulosics is 
energetically positive (Kim and Dale, 2004; Adler et al., 2007) that is to say that the energy 
content of the ethanol is greater than the energy required to produce it. It is probable that 
lignocellulosic ethanol production will become a viable option and could create an annual market 
for crop residue from approximately 143 million tons to 583-805 million tons (Downing et al., 
2011). 
The removal of crop residue, however, may require farmers to change their current tillage 
and fertilization practices to prevent potential soil erosion and depletion in soil nutrients. It is 
well documented through research over the past many decades that crop residues are critical for 
replenishing soil organic carbon (SOC) through conservation practices, which include minimum 
tillage, proper management of residues, and adequate soil fertility (Al-Kaisi et al., 2005; Al-Kaisi 
and Kwaw-Mensah, 2007). Crop residues also have significant roles in improving physical and 
chemical properties that are essential in protecting soil by controlling wind and water erosion, 
which ultimately reduce sediments and other contaminants transport to water bodies (Lindstrom, 
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1986; Karlen et al., 1994). Additionally, agriculture contributes to a large proportion of GHG 
emissions (carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4)), but a practice we 
have some control over (Cole et al., 1997; Smith et al., 2007). As such, many strategies aimed 
for agriculture to mitigate GHG emissions have been proposed and investigated, including: crop 
rotations, changes in fertilizer regimes, and tillage while still increasing crop yields (Paustin et 
al., 2000; Johnson et al., 2007). Agriculture accounts for 10-20% of the total anthropogenic GHG 
emissions, but it is responsible for 25 and 58% of the total anthropogenic CO2 and N2O 
emissions, respectively (Cole et al., 1997; Smith et al., 2007). Under aerobic soil conditions, 
agriculture soils typically are a minor emitter or small sink of CH4 (Bronson and Mosier, 1994). 
Differences in type of tillage, nitrogen (N) fertilization, and residue management can 
have large effects on GHG emissions. Less intensive tillage such as no-till (NT) that reduces soil 
disturbance and C as well as N mineralization can potentially lower CO2 and N2O emissions 
(Drury et al., 2006; Snyder et al., 2009). However, NT soils can also have greater N2O emissions 
through denitrification than those under more intensive tillage (Burford et al., 1981; Linn and 
Doran, 1984; MacKenzie et al., 1997). This is particularly the case in NT soils that have a greater 
bulk density, resulting in reduced diffusion of gasses in the soil, and increased water content 
creating more anaerobic conditions favorable to denitrification processes (Mosier et al., 2002). 
Increases in N fertilization in most cases result in greater N2O emissions (Bouwman, 1996; 
Pelster et al., 2011), although effects on CO2 emissions are variable (Al-Kaisi et al., 2008). Little 
research has been conducted on residue management effects on CO2 and N2O emissions. 
Although, it is largely accepted that having greater amounts of crop residues in the soil will 
increase C and N mineralization, thus promoting CO2 and N2O production (Cochran et al. 1997; 
Paustian et al., 2000; Mosier et al., 2002).  
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Since CO2, N2O, and CH4 emissions are mostly derived from biological processes, the 
rates of theses fluxes primarily depends on the availability of C substrate for CO2 and CH4 
production and mineral N source for nitrification or denitrification, as well as soil temperature, 
soil water content, and oxygen availability. During tillage, the soil is loosen and mixed to 
incorporate crop residues and soil amendments into the tillage zone, in preparation for 
establishing a good seedbed for planting resulting in warmer and drier soil conditions compared 
to NT (Licht and Al-Kaisi, 2005; Al-Kaisi and Kwaw-Mensah, 2007). This also accelerates the 
loss of soil organic matter as CO2 through oxidation and mineralization, due to aerating and 
increasing soil temperature (Al-Kaisi and Yin, 2005). Nitrogen fertilization and residue 
management can also indirectly affect CO2 and N2O emissions by altering soil temperature and 
soil water content by shading and water uptake (Sainju et al., 2012).          
     Unfortunately, there are very few comprehensive studies that have examined the soil, 
environmental, and management practices effects on CO2, and N2O soil surface emissions. We 
hypothesized that GHG emissions would be greater in management practices that have higher 
intensity of tillage and N fertilization rates, although can be reduced with residue removal. The 
objectives of this study were to: (i) examine how tillage, N fertilization rates, residue removal, 
and their interactions affect soil temperature, soil water content, and soil mineral N, and (ii) how 
these factors affect CO2, and N2O soil surface emissions, and (iii) to quantify cumulative GHG 
emissions effects on global warming potential (GWP) in Central Iowa.  
Materials and Methods 
Experimental sites and treatments 
A study was established in fall of 2008 on a Nicollet (fine-loamy, mixed superactive, 
mesic Aquic Hapludoll) and Canisteo clay loam (Fine-loamy, mixed, superactive, calcareous, 
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mesic Typic Endoaquolls) soil association at Iowa State University Agronomy Research Farm 
(AC) in Central, Iowa (42.4
o
'N; 95.5
o
'W) and a Marshall silty clay loam (Fine-silty, mixed, 
superactive, mesic Typic Hapludolls) soil association at Armstrong Research and Demonstration 
Farm (ASW) Southwest, Iowa (41.3
o
'N; 95.1
o
'W) in continuous corn. The mean air temperature 
and annual precipitation at the AC site are 8.7
o
C and 975 mm, respectively (data from 1982 to 
2011). In the ASW site, mean air temperature and annual precipitation are 9.5
o
C and 909 mm, 
respectively (data from 1982 to 2011). Both sites were previously in corn-soybean [Glycine max 
(L.) Merr.] rotation under conventional tillage (CT, chisel plow in fall and chisel plus disk in the 
spring). Source of N was liquid urea-ammonium nitrate 32% N (UAN) which was side-dressed 
injected  in May after planting using agronomic rates of 170 kg N ha
-1 
during the corn phase 
(Blackmer et al., 1997). Phosphorus and potassium fertilization was done periodically to 
maintain optimum soil concentrations so as not to restrict corn growth during the length of this 
study.  
Three treatments were applied in 2008 to 2011 for both sites in a randomized, complete-
block design with split-split arrangement and three replications. The main plot treatment was 
tillage practice (NT and CT), which was split into three different residue removal rates (0, 50, 
and 100%) which was further split into three N fertilization rates of 0, 170, and 280 kg N ha
-1
. As 
done previously from past management, source of N was 32% liquid UAN which was injected 
side-dressed in May after planting. Shortly after corn harvest, desired rates of residue removal 
were accomplished by adjusting down-pressure on a raking apparatus before baling of residue. 
For 100% removal, corn stalks and leaves were first mowed then raked clear down (very high 
down-pressure) for residue to be collected by baler. After baling, plots were hand raked to 
achieve nearly 100% removal. For 50% removal, residue was not mowed and a decreased down-
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pressure of the rake apparatus was set so as to leave approximately 50% of the soil surface 
covered after baling. Actual removal of residue by mass varied by N rate, tillage, site, and year 
ranging from 30-50% and 73-91% for 50 and 100% residue removal treatments, respectively. 
Both sites were planted using a 111 day maturity corn variety (P33W84) at a seeding density of 
79,000 seeds ha
-1
.  
Greenhouse Gas and soil temperature and water content Measurements 
During the growing season from April to October, CO2 emission measurements were 
taken in 6- to 10 d intervals coupled with soil moisture (TRIME-FM Time Domain 
Reflectometry, Mesa Corp., Medfield, MA) and temperature (thermometer attached to LI-COR 
6400) at 5 cm soil depth in each plot using a portable infrared CO2 gas analyzer (LI-COR 6400, 
LI-COR, Inc., Lincoln, NE) with a soil respiration chamber. Measurements were taken between 
0800 and 1100 h to approximate the 24 h mean soil surface CO2 emission. Soil surface CO2 
measurements were conducted by placing a soil respiration chamber over a 10 cm diameter 
polyvinyl chloride (PVC) ring placed into the ground for the entire year at 3 cm soil depth and 
leaving approximately 2 cm of the ring above the soil surface. Two PVC rings were placed in 
each plot, one within the plant row and one in between plant rows. The mean of the two rings 
was considered to be the soil surface CO2 emissions for the entire plot. During the non-growing 
season, bi-weekly or monthly readings were taken due to lower GHG from reduced soil 
temperatures. During the same day as CO2 emission was measured, soil N2O and CH4 emissions 
were measured following sampling protocol of GRACEnet Chamber-based Trace Gas Flux 
Measurement (Parkin and Venterea, 2010). Two PVC rings (30 cm diameter and 10 cm tall) 
were installed in each plot to a depth of approximately 6 cm. In each plot one ring was placed 
directly in the plant row. The other ring was placed between plant rows on top of the UAN band. 
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Flux measurements were performed by placing vented chambers (30 cm diameter and 10 cm tall) 
on the PVC rings and collecting gas samples 0, 30, and 60 min following chamber deployment. 
At each time point chamber headspace gas samples (10 mL) were collected with polypropylene 
syringes and immediately injected into evacuated glass vials (6 mL) fit with butyl rubber 
stoppers. Nitrous oxide concentrations in samples were determined with a gas chromatography 
instrument (Model GC17A; Shimadzu, Kyoto, Japan) equipped with a 63Ni electron capture 
detector and a stainless steel column (0.3 cm diameter and 74.54 cm long) with PorapakQ (80–
100 mesh). Methane was analyzed with a flame ionization detector and a 0.3 cm diameter and 90 
cm long column.  
     Cumulative soil surface CO2 emissions for the growing season were calculated as follows 
(Grote and Al-Kaisi, 2007): 
(ti+1 – t1)                           [1] 
where, Xi is the first CO2 emission (kg ha
-1
 d
-1
) reading , and Xi+1 is the following reading at 
times ti and ti+1, respectively; n is the last CO2 emission reading during the growing season and i 
is the first CO2 emission reading in the growing season. Cumulative soil surface N2O emissions 
were calculated as done in CO2 calculations. Since soil surface CO2 and N2O emissions were 
only measured weekly during the growing season, a linear regression model using soil surface 
temperature as the predictor variable was used to estimate missing weekly soil surface CO2 and 
N2O emission measurements (Fang and Moncrieff , 2001; Dornbush and Raich, 2006). This 
resulted in an additional cumulative 1500 kg CO2 ha
–1 
and 0.32 kg N2O ha
-1
 on average from 
early November to late March for 2009 through 2011 in both sites. Soil surface CO2 and N2O 
emissions across treatments were not significant different and remained relatively low compared 
to growing season measurements due to soil being mostly near or below freezing temperatures 
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(Fang and Moncrieff , 2001; Dornbush and Raich, 2006). Soil surface CO2 and N2O emissions 
during winter months represented approximately 9 and 6% of the total annual soil surface 
emissions respectively, which is within the range reported in studies done in the North-central 
USA (Kessavalou et al., 1998; Dornbush and Raich, 2006).     
Soil mineral nitrogen measurements 
 Mineral N (NO3–N and NH4–N) soil samples were collected two days after N 
fertilization and approximately every two weeks afterwards until late September using KCl 
extraction (Mulvaney, 1996). Approximately, 10 g of air-dried soil was placed in a 125 mL 
Nalgene bottle along with 50 mL of 2 M L
−1
 KCl. The Nalgene bottles were shaken for 30 min 
and after that the extraction solution was filtered though Whatman No. 42 filter paper into 20 mL 
scintillation vials. The filtered solution was stored in a -4°C freezer until analyses for NO3–N 
and NH4–N with a Lachat QuickChem 8000FIA+ (Lachat Instruments, Milwaukee, WI). 
Statistical analyses 
  Data for GHG emissions and soil temperature, water content, and mineral N were 
analyzed using the Analysis of Repeated Measures procedure in the Proc Mixed model of SAS. 
A compound symmetry covariance structure was used for repeated measures. Type of tillage was 
considered as the main plot, residue removal as the split plot, N fertilization as split- split-plot, 
and date of measurement as the repeated measure variable. Mean soil surface GHG emissions 
between plant row and within plant row were used in this statistical analysis. Mean separation 
was determined using the PDIFF procedure and significance was declared at evaluated at p ≤ 
0.10, unless otherwise stated. The linear least squares fitting technique was used to assess the 
impact of soil temperature, soil water content, and mineral N on soil surface GHG emissions for 
multiple linear regression analysis in SAS. 
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Results 
Soil temperature, water content, and mineral nitrogen 
The effects of residue removal on soil temperature, water content, and mineral N varied 
by site, year, tillage, and N fertilization. During the first year after residue removal in 2009, 
measurements were only taken in the AC site (Fig. 3.1). Soil temperature was approximately 1
o
C 
warmer in NT compared to CT before the month of May when planting was done. After field 
cultivation and planting was completed and before the corn canopy completely covered the soil 
surface in early July, a tillage by residue removal interaction effect was observed for soil 
temperature. Soil temperature was 1
o
C cooler under no residue removal than when 50 and 100% 
of the residue was removed with NT. Under CT, there were no significant differences in soil 
temperature across the different residue removal rates, although soil temperature was on average 
1
o
C warmer than NT when 50 and 100% of residue was removed and 1.5
o
C warmer when no 
residue was removed. Once the corn canopy had completely covered the soil surface, there was 
no significant difference in tillage and residue removal effects on soil temperature until after 
grain harvest and fall tillage (mid-October) was completed. During this time, CT was on average 
1.2
o
C warmer than NT. Nitrogen fertilization also had a significant effect on soil temperature. 
Beginning in early July, soil temperature was on average 0.5-1
o
C warmer when no N was 
applied compared to N applied treatments. After late October, there were no significant 
differences in soil temperature across tillage, residue removal rates, and N fertilization rate. 
Soil water content fluctuated with rainfall events throughout the season in the AC site 
(Fig. 3.1). No-till on average had 0.32 m
3
 m
-3
 soil water content throughout the year, 0.02 m
3
 m
-3
 
higher than CT on average. There were no significant differences between residue removal rates 
or N fertilization rates on soil water content observed. For mineral N (NH4 + NO3), average 
concentration in the soil before N was applied on May 20, was 0.3 ug N kg
-1
 soil (Fig. 3.1). Two 
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days after N fertilization, mineral N significantly increased in NT on average to 153.6 ug N kg
-1
 
soil. Under CT, mineral N varied by 150.6, 128.3, and 107.9 ug N kg
-1
 soil with 0, 50, and 100% 
residue removal, respectively. Almost three weeks later, mineral N stayed relatively the same in 
CT while under NT, mineral N dropped on average by half. The following weeks up until mid-
August, mineral N was greater under CT than in NT until it was depleted in the soil. There were 
no significant differences in mineral N across residue removal rates or tillage when no N was 
applied to the soil. 
In 2010, soil temperature in the AC site was on average 3.4
o
C warmer than in 2009 
(18.1
o
C) during the growing season (Fig. 3.2). A parabolic trend in soil temperatures was 
observed as in 2009, peaking just before corn canopy completely covered the soil surface late in 
June, although, differences in soil temperature were only observed under different residue 
removal rates (Fig. 3.2). In treatments when no residue was removed, soil temperature was 0.5
o
C 
cooler than when 50 and 100% of the residue was removed from mid May (after planting and 
field cultivation) until late June when corn canopy had mostly covered the soil surface. However, 
treatments in which N was not applied, the soil surface was still exposed to solar radiation 
throughout the growing season due to less canopy shading, resulting in average of 0.8
o
C warmer 
soil temperature than when N was applied to the soil across different tillage and residue removal 
rates. 
As in 2009, soil water content fluctuated with rainfall events in the AC site for 2010 (Fig. 
3.2). No-till on average had 0.35 m
3
 m
-3
 soil water content throughout the year, 0.03 m
3
 m
-3 
more 
than CT on average. There were no significant differences across residue removal rates or N 
fertilization on soil water content observed. Before N was applied on May 19, soil mineral N 
concentration was 0.3 ug N kg
-1
soil (Fig. 3.2). Shortly after N fertilization (three days), mineral 
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N in the soil varied greatly across tillage and residue removal rates. The highest concentrations 
of mineral N occurred under NT when no residue was removed (420.0 ug N kg
-1
 soil), and 50% 
removal (304.8 ug N kg
-1
 soil). However, the lowest concentrations of mineral N were observed 
under NT when 100% of the residue was removed at 127.1 ug N kg
-1
 soil. Under CT, mineral N 
did not vary by residue removal rate with an average of 193.3 ug N kg
-1
 soil. Twenty-four days 
later, mineral N in the soil significantly decreased under NT in contrast to CT where significant 
increases were observed. The following weeks up until late August when mineral N was depleted 
in the soil, there were no differences in mineral N across residue removal rates and tillage. In 
addition, there were no significant differences in mineral N across residue removal rates or 
tillage when no N was applied to the soil. 
In the ASW site, similar seasonal trends in soil temperatures (Fig. 3.3) were observed as 
in the AC site although peaking later in mid July in 2010 (Fig. 3.2). There was a significant 
tillage and tillage by residue removal effects on soil temperature starting when soil began to thaw 
until mid-June. Soil temperatures under NT were on average 1.1
o
C cooler when compared to CT. 
When no residue was removed under NT, soil temperature was on average 2.2
o
C cooler than 
when 50 and 100% of the residue was removed. Under CT, there were no significant differences 
in soil temperature across the different residue removal rates. After late June, when the corn 
canopy had completely covered the soil surface in N applied treatments, there were no 
significant differences in soil temperatures across tillage and residue removal rates for the rest of 
the year. There was a significant N fertilization effect on soil temperature starting in early July 
and until late September. Under no N fertilization, soil temperatures were on average 0.6
o
C 
warmer compared to that of N applied treatments across different tillage and residue removal 
rates. There were no seasonal trends observed for soil water content (Fig. 3.3). No-till on average 
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had 0.37 m
3
 m
-3
 soil water content throughout the year, with 0.05 m
3
 m
-3 
more than CT on 
average.   
In 2011, a similar seasonal trend in soil temperature occurred as in previous years, 
although there was a significant tillage by residue removal interaction effect on soil temperature 
throughout the year in the AC site (Fig. 3.4). No-till with 50 and 100% residue removal was 
1.1
o
C warmer than with no residue was removed under NT and CT across all residue removal 
rates which averaged 20.9
o
C. There was less rainfall in 2011 in the AC than previous years, 
resulting in lower soil water content (Fig. 3.4). No-till on average had 0.27 m
3
 m
-3
 soil water 
content throughout the year, with 0.04 m
3
 m
-3
 more than CT on average. In the ASW site for 
2011, there were no significant differences between tillage, residue removal, and N fertilization 
treatments throughout the year on soil temperature (Fig. 3.5). There was less rainfall compared to 
2010 in this site resulting in lower soil water content (Fig. 3.5). No-till on average had 0.28 m
3
 
m
-3 
soil water content throughout the year, with 0.02 m
3
 m
-3 
more than CT on average.      
Seasonal and cumulative soil surface CO2 emissions 
The effects of residue removal on soil surface CO2 emissions varied by site, year, tillage, 
and N fertilization rate. In 2009, there were a significant tillage, tillage by residue removal, and 
N fertilization rate effects on soil surface CO2 emissions for the AC site (Fig. 3.6). Soil surface 
CO2 emissions followed a parabolic trend, peaking in mid-July. Early in the growing season, CT 
typically had higher soil surface CO2 emissions than NT, until mid-July when corn canopy 
completely covered the soil surface. Afterwards, NT was slightly higher or not significantly 
different from CT. Average soil surface CO2 emissions during the entire growing season was 
higher under CT at 2.50 kg ha
-1
 day
-1
 compared to NT at 2.24 kg ha
-1
 day
-1
 across all N 
fertilizations and residue removal treatments. Additionally, there was a higher mean soil surface 
CO2 emissions under fertilized treatments (170 and 280 kg N ha
-1
) than when compared to no N 
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was applied early in the growing season. However, starting in early July, there were no 
significant differences in soil surface CO2 emissions across N fertilization rates the rest of the 
year. Significant differences in cumulative soil surface CO2 emissions were only observed across 
tillage practices where CT (17.4 Mg ha
-1
) was 14% greater than NT (14.9 Mg ha
-1
) (Table 3.1). 
In 2010, differences in soil surface CO2 emissions were mainly due to tillage, residue 
removal rate and N fertilization rate main effects in the AC site (Fig. 3.6). Similar soil surface 
CO2 emissions seasonal trends were observed as in 2009. Treatments under CT (3.12 kg ha
-1
 day
-
1
) had higher soil surface CO2 emissions on average than NT (2.85 kg ha
-1 
day
-1
) throughout the 
growing season. There were no significant differences between 0 (3.22 kg ha
-1
 day
-1
) and 50 % 
(3.06 kg ha
-1
 day
-1
) residue removal rates on soil surface CO2 emissions, although it was 
significantly lower than that from 100% (2.68 kg ha
-1
 day
-1
) residue removal treatments. There 
were also no significant differences between 170 (3.13 kg ha
-1
 day
-1
) and 280  kg N ha
-1
 (3.24 kg 
ha
-1
 day
-1
) fertilization N rates on soil surface CO2 emissions, however when no N was applied, 
soil surface CO2 emissions were nearly 20% lower throughout the growing season. Cumulative 
soil surface CO2 emissions were greater in CT (17.8Mg ha
-1
) compared to NT (16.3 Mg ha
-1
) and 
increased with N fertilization rate, but decreased with residue removal (Table 3.1).  
     In the ASW site, similar seasonal soil surface CO2 emission trends were observed as in the 
AC site, although at lower rates and peaking early July (Fig. 3.7). Differences in soil surface CO2 
emissions were mainly due to tillage, residue removal rate and N fertilization rate main effects. 
Cumulative soil surface CO2 emissions were greater in the ASW (Table 3.1) than in the AC site, 
due to a longer growing season resulting in warmer soil temperatures (Fig. 3.3). Additionally, 
cumulative soil surface CO2 emissions were greater under CT (17.9 Mg ha
-1 
yr
-1
) than in NT 
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(16.5 Mg ha
-1 
yr
-1
) and was significantly lower when no N was applied. There were no 
differences in cumulative soil surface CO2 emissions across residue removal rates. 
 In 2011, differences in soil surface CO2 emissions were mainly due to tillage  and 
residue removal rate main effects in the AC site (Fig. 3.6). Similar soil surface CO2 emission 
seasonal trends were observed as in previous years. However, CT (3.02 kg ha
-1
 day
-1
) had lower 
soil surface CO2 emissions than NT (3.32 kg ha
-1 
day
-1
) throughout the growing season which 
differed from previous two years. In addition, residue removal rates effects on soil surface CO2 
emissions also differed from previous two years. Greater soil surface CO2 emissions were 
observed when 50 and 100% of the residue was removed compared to no residue removal 
treatments. There were also no significant differences between N fertilization rate effects on soil 
surface CO2emissions. This resulted in cumulative soil surface CO2 emissions being higher in 
NT 18.8 (Mg ha
-1
) compared to CT (17.8 Mg ha
-1
) (Table 3.1). Additionally, the greatest 
cumulative soil surface CO2 emissions occurred when 50% of the residue was removed (19.8 Mg 
ha
-1
) followed by 100% removal (18.0 mg ha
-1
) and lowest when no residue was removed (17.5 
Mg ha
-1
). However, in the ASW site, there were no significant differences between tillage, 
residue removal, and N fertilization rate on soil surface CO2 emissions throughout the growing 
season (Fig. 3.7). This also resulted in little differences between tillage, residue removal, and N 
fertilization rates effects on cumulative soil surface CO2 emissions (Table 3.1). 
Seasonal and cumulative soil surface N2O emissions 
Soil surface N2O emissions were only measured at the AC site in 2009 and 2010 (Fig. 
3.8). Differences in tillage, residue removal, and N fertilization rate effects on soil surface N2O 
emissions were observed after one week when N was applied for both years. As expected, soil 
surface N2O emissions increased as N fertilization rate increased. The largest soil surface N2O 
emission peak occurred approximately two weeks after N application, corresponding with the 
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first rainfall event after N application in drier soil conditions for both years. Soil surface N2O 
emissions throughout the growing season and peaks in general were greater in 2009 than in 2010.  
Smaller soil surface N2O emissions peaks coincided with thawing of the soil and significant 
rainfall events (Goodroad and Keeney, 1984; Lemke et al., 1999). In 2009, greater soil surface 
N2O emissions rates were observed under CT compared to NT before the corn canopy had 
completely covered the soil surface, however, no significant differences were observed 
thereafter. Additionally in 2009, although not significantly different due to high variability, 
removal of 100 % residue from the soil surface typically had lower soil surface N2O emissions 
compared to 0 and 50 % removal throughout the growing season. In 2010, there were no 
consistent trends of tillage or residue removal rates effects on soil surface N2O emissions. 
The main contributing factor to higher N2O emissions was N fertilization rate in 2009 and 2010 
(Table 3.2). As expected, cumulative soil surface N2O emissions increased as N fertilization rate 
increased for both years. On average, 4.5 and 5.8% of N applied was lost as soil surface N2O 
emissions with 170 and 280 kg N ha
-1
 fertilization, respectively for both years. In 2009, CT had 
greater cumulative soil surface N2O emissions compared to NT with 0 and 50% residue removal 
in N applied treatments. There were no significant differences in cumulative soil surface N2O 
emissions in CT and NT with 100% residue removal. In 2010, there were no consistent trends of 
tillage or residue removal rates effects on cumulative soil surface N2O emissions. 
Discussion 
Management effects on CO2 emissions 
Under management practices in CT with  N fertilization rates (170 kg N ha
-1
) with no 
residue removal as in the AC  site, cumulative CO2 emissions contribute on average, 18.6  Mg 
CO2 ha
-1
 yr-
1
 from 2009 through 2011 (Table 3.1). Under NT, the number is lower, 16.9 Mg CO2 
ha
-1
 yr
-1
. Under the same management practices in the ASW site (Southwest Iowa) from 2010 
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through 2011, cumulative CO2 emissions averaged 21.6 Mg CO2 ha
-1
 yr
-1
 under CT and 18.9 Mg 
CO2 ha
-1
 yr
-1 
under NT (Table 3.1). Mean annual cumulative CO2 emissions observed in this 
study are within range (12.2-25.9 Mg CO2 ha
-1
 yr
-1
) from previous studies done in Iowa (Parkin 
and Kaspar, 2006; Hernandez-Ramirez et al., 2009). Greater cumulative CO2 emissions in CT 
compared to NT could be attributed to mineralization of soil organic matter and root derived CO2 
respiration, which often follows a parabolic function as affected by soil temperature and water 
content during the growing season (Fortin et al., 1996). In 2009 and 2010, CO2 emissions peaks 
were more pronounced and higher than in 2011 (Fig. 3.6 and 3.7). This could be attributed to 
drier conditions in 2011 resulting in the broader, shorter peaks of CO2 emissions due to more 
extreme soil moisture cycling (Mosier et al., 2006; Hernandez-Ramirez et al., 2009). Higher soil 
temperatures under CT compared to NT, during field cultivation to prepare for planting early in 
the growing season (Al-Kaisi and Yin, 2005), is the primary reason for CT having greater 
cumulative CO2 emissions than NT in 2009 and 2010, even though NT typically has similar or 
slightly higher soil temperature from July to October (Licht and Al-Kaisi, 2005; Al-Kaisi and 
Kwaw-Mensah, 2007). Although soil temperature and water content do well in explaining 
differences in management practices effects (Table 3.3) on a daily scale (Linn and Doran, 1984; 
Davidson et al., 1998), seasonal trends of soil temperature and soil surface CO2 emissions did not 
coincide with each other. Typically, soil temperatures peaked in late June before corn canopy 
had completely covered the soil surface (Fig. 3.1 to 3.5). However, CO2 emissions peaked in mid 
to late July (Fig. 3.6 and 3.7). This lag time in soil temperature and CO2 emissions peaks could 
be attributed to plant growth and root respiration increasing until late July as suggested by Sainju 
et al., (2012) in their study. Consequently, when annual soil surface CO2 emissions were divided 
by active and non-active root activity periods (Table 3.3), soil temperature and water content as 
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predictors for soil surface CO2 emissions improved under the non-active period, but decreased 
during the active root activity period.   
As number of hectares in continuous corn continues  to grow due to the increase demand  
for grain and residue for animal feed and ethanol production, changes in fertilization such as 
increases in N application are expected (Halvorson et al., 2006).  Cumulative CO2 emissions 
were not significantly different for 170 kg N ha
-1
and 280 kg N ha
-1
 rate with no residue removal 
across all tillage systems in both sites. It was expected that cumulative CO2 emissions would 
increase due to greater C input from above- and below-ground biomass due to increasing 
microbial activity and C mineralization (Dick et al., 1992), in addition to increase of root 
respiration with higher N fertilization rates. Although increases in root respiration were observed 
with greater N fertilization rate (Chapter 4), differences between 170 and 280 kg N ha
-1
 
fertilization effects on cumulative CO2 emissions might have been offset by slightly cooler soil 
temperatures due to shading by corn canopy and additional residue left on the soil surface with 
higher N rates. There is no consensus on N fertilization effects C mineralization and CO2 
emissions in the field, with some studies showing a suppressive effect of N on C mineralization 
and others showing a stimulatory positive effect (Kowalenko et al. 1978; Al-Kaisi et al., 2008). 
The effects of residue removal on CO2 emissions, varied with weather conditions. In 
2011, where it was considerably dry throughout the year (Fig. 3.4), the removal of residue 
increased soil temperature in NT so that it was greater than under  CT, which had similar soil 
temperatures to NT when residue was left on the soil surface. This could explain why NT with 
greater than 50% residue removal had larger cumulative CO2 emissions than CT in 2011 across 
all N fertilization rates (Table 3.1) in the ANC site. In 2009 and 2010, where soil water content 
was at or just above field capacity (0.36 m
3
 m
-3
) and soil temperatures were cooler compared to 
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2011, the removal of residue treatment had lower CO2 emissions than no residue removal  
treatments during the growing season in the AC site (Fig. 3.6 and 3.7). However, significant 
differences between residue removal treatments effects on cumulative CO2 emissions were not 
observed, perhaps due to the field spatial variability of soil surface CO2 emissions measurements 
throughout the year. In the ASW site, CO2 emissions throughout the growing season and 
cumulative CO2 emissions did not significantly differ between residue removal treatments across 
all tillage and N fertilization rates (Fig. 3.7 and Table 3.1). The dissimilarity between the two 
sites could be attributed to differences in soil texture and drainage class (Feiziene et al., 2010), 
where the ASW site is well-drained soil and had small differences in soil temperature and water 
content across tillage treatments, between residue removal and N fertilization treatments 
compared to the AC site, a poorly-drained soil. It is important to keep in mind, that these 
findings are for the first three years since establishment of treatments, and that the long term 
removal of residue is expected to reduce soil organic C, which  can have significant implications 
for CO2 emissions and overall GHG mitigation strategies (Six et al, 2004).   
Management effects on N2O emissions 
As expected, N fertilization rate had the largest impact on N2O emissions. In general, the 
higher N fertilization rate, the greater N2O emissions (Table 3.2). Increased N substrate 
availability due to N fertilization has been known to increase N2O emissions due to enhanced 
nitrification (Robertson, 1989). Mean cumulative N2O emissions in Central Iowa under  N 
fertilization rates of 170 N kg ha
-1 
for continuous corn with no residue removal was 5.7 kg N2O 
ha
-1
 y
-1
 in CT and 5.0 kg N2O ha
-1
 y
-1 
under NT. These results are lower than previously cited 
literature under similar management practices in Iowa which range from 6.8 to 15.4 kg N2O ha
-1
 
y
-1 
(Hernandez-Ramirez et al., 2009). Increases in N fertilization rates from 170 to 280 kg N ha
-1 
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resulted in N2O emissions increase by 50% when averaged across residue removal rates and 
tillage systems (Table 3.2).  
Nitrous oxide emissions showed a parabolic trend coinciding with mineral N 
concentration in the soil (Fig.3.8) but, did not coincide with CO2 emissions or soil temperature 
seasonal trends. Peak N2O emissions following N fertilization are primarily due to nitrification 
processes (Mosier et al., 2002). However, a high statistical relationship was found between soil 
surface N2O emissions and soil temperature, soil water content and mineral N throughout the 
year (Table 3.4). Intra-seasonal differences between management practices can be largely 
explained by differences in soil temperature and water content conditions in addition to mineral 
N concentrations in the soil which generally had a positive effect on N2O emissions (Parsons et 
al., 1991). In 2009, N2O emissions were greater in CT system than those of NT in the AC site 
(Table 3.2). This was a bit surprising since many studies have shown that NT systems typically 
have higher N2O emissions, due to greater dinitrification (Payne, 1981) and more frequent under 
high moisture conditions compared to CT systems (Mosier et al., 2002). However for this study 
in 2009, soil water content was at or just above field capacity for both CT and NT systems (Fig. 
3.1). This can be attributed to greater soil temperature early in the growing season associated 
with CT treatments (Fig. 3.1) resulting in higher cumulative N2O emissions (Table 3.2). 
Increases in soil temperature have been shown to stimulate microbial activity and N 
mineralization resulting in greater N2O emissions (Mosier et al., 2002). Similar soil water 
content conditions occurred in 2010, although mean soil temperature was higher than in 2009, 
but not significantly different between CT and NT (Fig. 3.2). Consequently, there were no 
significant differences in N2O emissions between CT and NT in 2010 (Table 3.2).    
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Removal of residue was expected to lower N2O emissions, due to decrease in soil 
moisture content and potential N mineralization from remaining residue (Toma and Hatano, 
2007). However, there were no significant differences in N2O emissions observed across residue 
removal rates in this study in both years for the AC site (Table 3.2). Again, this was probably 
due to soil water content conditions typically not being the limiting factor for N2O emissions 
across residue removal rates (Fig. 3.1 and 3.2). Differences across residue removal rates are 
expected when moisture conditions and N substrate are limiting factors for production of N2O 
(Sainju et al., 2012). 
Management effects on global warming potential 
Cumulative GHG emissions contribution to GWP was only conducted in the AC site in 
2009 and 2010 (Table 3.3). Contribution of CH4 to total GHG emissions was not included due to 
not being significantly different from zero for all treatments throughout both growing seasons 
(data not shown). To identify differences in management practices effects on cumulative GHG 
emissions, CO2-C equivalents of total N2O-N and CO2-C were calculated by considering  N2O-N 
warming potential was 298 times more stronger than CO2-C (IPCC, 2007). When no residue was 
removed and under CT and N rate of 170 N kg ha
-1
, mean CO2-C emissions of 4,982 kg ha
-1
 yr
-1 
made up 87 % of the total GWP. However, CO2-C emissions contribution to GWP drop to 80% 
when N fertilization was increased to 280 N kg ha
-1
, due to a 36% increase in N2O-N emissions 
resulting in a total 13% increase of GWP overall. No-tillage treatments were more sensitive to 
changes in N fertilization impacts on GWP compared to CT. With no residue was removed and 
N rate of 170 N kg ha
-1
, CO2-C equivalent was 5,420 kg ha
-1
 yr
-1 
which was not significantly 
different from CT (6,459kg ha
-1
 yr
-1
) due to high variability of soil surface GHG emissions. 
However, an increase to 280 N kg ha
-1
N rate resulted in a 48% increase of N2O-N emissions and 
24% increase in GWP overall. These increases in N2O-N emissions in NT essentially offset the 
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reductions in CO2-C emissions from CT when it is converted into NT. Although N2O-N 
emissions contribution to GWP were considerably lower than CO2-C emissions, differences in N 
fertilization rates did have a significant impact on GWP in this study. Agriculture practices that 
improve N use efficiency such as timing and placement, N rate, and source of N (Mosier et al., 
2002) should be included in management strategies that minimize GHG emissions. 
Residue removal rates effects on cumulative GHG emissions were largely due to changes 
in soil temperature and water content than C substrate supply. Under soil conditions when water 
content was in general at or above field capacity and soil temperatures were below average as in 
2009, there were no significant differences in cumulative CO2-C equivalent contribution to GWP 
with different residue removal rates. In 2010, which was also a wet year, but it was 3.4
o
C 
warmer during the growing season, cumulative CO2-C equivalent contribution to GWP in 
general decreased as amount of residue removed decreased. However, the amount of atmospheric 
CO2-C sequestered in aboveground biomass in corn (Chapter 4) that is subsequently removed 
from the field is greater than the reductions of cumulative CO2-C equivalent from residue 
removal effects (Table 3.5). The balance between atmospheric CO2-C that is sequestered into 
biomass and soil against soil surface GHG emissions will shed some light on the role of  
management practices in determining if they are a net sink or source of CO2-C equivalent GHG. 
This will depend largely if soil C is being accrued and crop productivity, which is site and 
weather dependent (Mosier et al., 2006). Management practices such as NT that leave the soil 
undisturbed and promote soil organic matter accumulation can be considered as net sinks for 
GHG (Six et al, 2004). 
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Conclusions 
In this study, soil surface CO2 and N2O emissions were responsive to management 
practices; primarily by management practices altering soil temperature, soil water content, soil 
mineral N, and crop growth. In general, CO2 emissions peaked in mid to late July, influenced 
strongly by root respiration and soil organic matter mineralization as affected by temperature and 
water content. Prior to the corn canopy completely shading the soil surface, greater CO2 
emissions coincided with higher soil temperatures typically observed with CT compared to NT 
when soil water content was approximately near field capacity. This resulted in greater annual 
cumulative CO2 emissions in CT compared to NT, despite having similar soil temperature and 
water content after corn canopy completely shaded the soil surface. The removal of corn residue 
typically resulted in reduction of CO2 emissions, although when under soil moisture stress 
(below field capacity), greater CO2 emissions were observed with residue removal which was 
attributed to higher soil temperatures. Consequently, in one of the years where soil moisture 
stress did occur, NT had greater cumulative CO2 emissions compared to CT, but only when 
residue was removed.  
Nitrogen fertilization rate also indirectly affected CO2 emissions primarily by altering 
corn growth and canopy shading, which had significant effects on soil temperate, water content, 
and residue returned. Nitrous oxide emissions increased soon after N fertilization and peaked 
after the first major precipitation event after N fertilization in both years for this study. As 
expected, N2O emissions increased with N rate and coincided strongly with soil mineral N levels. 
Nitrous oxide emissions were greater in CT than in NT due to higher soil temperatures, and 
water content not being the limiting factor for nitrification and denitrification processes.  
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To identify differences in management practices effects on mitigation of GHG emissions, 
CO2-C equivalents of total N2O-N and CO2-C were calculated. Management practices that 
reduce soil organic mineralization via reducing soil temperature and oxidation such as in NT, is a 
viable strategic mean for mitigation of CO2-C emissions. Although N2O-N emissions 
contributions to GWP were considerably lower than CO2-C emissions, differences in N 
fertilization rates did have a significant impact on GWP in this study. Agriculture practices that 
improve N use efficiency should be included in management strategies that minimize GHG 
emissions.            
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Table 3.1. Cumulative soil surface CO2 emissions as affected by tillage, residue removal, and 
nitrogen fertilization in the AC and ASW sites in from 2009 through 2011.  
Tillage Residue Removal N Fertilization 2009 2010 2011 
 % N kg ha-
1
 - - - - - - - - - -CO2 Mg ha
-1
 yr
-1
- - - - - - - - - - 
   AC site 
CT 0 0 19.7ab* 14.5cde 17.5defg 
CT 50 0 17.1abc 18.3abcd 17.8cdefg 
CT 100 0 17.0abc 13.7gh 19.0bcd 
CT 0 170 16.0abc 20.6a 19.3abc 
CT 50 170 20.6a 18.1abcd 18.5bcde 
CT 100 170 19.8ab 17.2abcd 16.8fgh 
CT 0 280 15.3abc 20.4ab 16.1gh 
CT 50 280 16.0abc 20.1ab 18.9bcd 
CT 100 280 15.3abc 17.9abcd 16.5fgh 
NT 0 0 15.5abc 15.5bcde 15.7h 
NT 50 0 14.1bc 15.6bcde 20.1ab 
NT 100 0 12.3c 12.2e 18.0ef 
NT 0 170 13.6c 18.5abcd 19.3abc 
NT 50 170 14.3bc 16.3abcde 20.4ab 
NT 100 170 15.4bc 16.8abcd 19.3abcd 
NT 0 280 16.1abc 19.0abc 17.6cdefgh 
NT 50 280 15.2abc 18.5abcd 21.2a 
NT 100 280 17.5abc 16.3abcde 18.5bcde 
   ASW site 
CT 0 0 - 18.6cdefg 18.7abc 
CT 50 0 - 15.5gh 21.2abc 
CT 100 0 - 16.0fgh 19.6abc 
CT 0 170 - 21.5abc 21.7abc 
CT 50 170 - 17.9defg 19.8abc 
CT 100 170 - 18.8cdef 19.7abc 
CT 0 280 - 22.9a 21.1abc 
CT 50 280 - 18.8cdef 22.2a 
CT 100 280 - 22.5ab 18.5abc 
NT 0 0 - 16.8efg 18.2bc 
NT 50 0 - 13.5h 18.1c 
NT 100 0 - 15.9fgh 19.5abc 
NT 0 170 - 18.3cdefg 19.6abc 
NT 50 170 - 19.5bcd 21.6abc 
NT 100 170 - 20.5abcd 22.2ab 
NT 0 280 - 17.3defg 19.0abc 
NT 50 280 - 17.1efg 18.1c 
NT 100 280 - 17.5defg 20.6abc 
*Means with the same lower-case letter within each column are not significantly different at 
p ≤ 0.10. 
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Table 3.2.Cumulative soil surface N2O emissions affected by tillage, residue removal, and 
nitrogen fertilization in the AC site in 2009 and 2010. 
Tillage Residue Removal N Fertilization N2O emissions 
 % N kg ha-
1
 - - - - -kg ha
-1
 yr
-1
- - - - - 
   2009 2010 
CT 0 0 1.13 i* 1.23 ij 
CT 50 0 1.83 hi 1.33 ij 
CT 100 0 1.55 hi 1.88 hij 
CT 0 170 6.31 edf 6.86 defg 
CT 50 170 6.94 de 5.15 efgh 
CT 100 170 4.24 fg 4.57 fghi 
CT 0 280 10.08 ab 10.50 abc 
CT 50 280 11.98 a 10.41 abc 
CT 100 280 7.79 cd 13.58 a 
NT 0 0 1.34 hi 1.24 ij 
NT 50 0 1.27 hi 1.30 ij 
NT 100 0 0.91 i 0.99 j 
NT 0 170 3.75 gh 7.14 cdef 
NT 50 170 4.21 fg 4.95 efgh 
NT 100 170 4.75 efg 3.45 ghi 
NT 0 280 9.75 abc 11.23 abc 
NT 50 280 7.76 cd 10.34 abc 
NT 100 280 9.57 bc 8.36 bcd 
*Means with the same lower-case letter within each column are not significantly different at 
p ≤ 0.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  - - - - - - - - - - - - - - - - - - - - - - - - CO2 -  - - - - - - - - - - - - - - - - - - - - - - - 
 Whole year Active roots Non-active roots 
Term Estimate t(Prob> t) Estimate t(Prob> t) Estimate t(Prob> t) 
Intercept -45.40 -8.78(<.0001) -71.18 -9.92(<.0001) 22.70 8.07(<.0001) 
Stemp 9.03 38.63(<.0001) 10.29 31.58(<.0001) 2.57 13.80(<.0001) 
θv -0.87 -11.32(<.0001) -0.89 -10.83(<.0001) -0.69 -9.71(<.0001) 
(Stemp-19.61) x (θv-33.41) -0.05 -2.54(0.0112) NA NA NA NA 
(Stemp-20.31) x (θv-33.62) NA* NA -0.07 -2.32(0.0205) NA NA 
(Stemp-11.99) x (θv-31.28) NA NA NA NA -0.14 -7.34(<.0001) 
 - - - - - - - - - - - - - - - - - - - Summary of statistics - - - - - - - - - - - - - - - - - - - 
F(Prob>F) 530(<.0001) 
0.25 
4745 
367(<.0001) 
0.20 
4400 
76(<.0001) 
0.36 
375 
r
2
 
Observations 
Table 3.3.Soil surface CO2 emissions (kg ha
-1
 day
-1
) as predicted by soil temperature (Stemp), soil water content (θv), and their 
interactions across all years, sites, treatments, and whether roots are active or non-active. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 *NA not applicable. 
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  - - - - - - - - - - - - - - - -  - N2O -  - - - - - - - - - - - - - - - - 
 0 N kg ha
-1
 280 N kg ha
-1
 
 Estimate t(Prob> t) Estimate t(Prob> t) 
Intercept 3.21 0.41(0.6817) -373.88 -6.83(<.0001) 
Stemp 0.10 0.36(0.7204) 15.43 6.46(<.0001) 
θv 0.03 0.22(0.8133) 1.95 2.41(0.0175) 
N 0.10 0.68(0.5001) 0.87 10.49(<.0001) 
(Stemp-21.43) x (N-4.16) -0.07 -0.85(0.3992) NA NA 
(θv-32.32) x (N-4.16) -0.07 -1.67(0.0980) NA NA 
(Stemp-20.83) x (N-74.23) NA* NA 0.22 10.15(<.0001) 
(θv-33.22) x (N-74.23) NA NA 0.03 2.73(0.0074) 
 - - - - - - - - - - Summary of statistics - - - - - - - - - - 
F(Prob>F) 0.8(0.5257) 
0.04 
115 
41(<.0001) 
0.66 
115 
r
2
 
Observations 
Table 3.4.Soil surface N2O emissions (g ha
-1
 day
-1
) as predicted by soil temperature (Stemp), soil 
water content (θv), soil mineral nitrogen (N), and their interactions across all years, sites, and 
treatments, by nitrogen rate. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
*NA not applicable. 
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Table 3.5. Cumulative soil surface CO2-C, N2O-N, and CO2-Cequivelent emissions as affected 
by tillage, residue removal, and nitrogen fertilization in the AC site in 2009 and 2010. 
Tillage Residue Removal N Fertilization CO2-C N2O-N CO2-Cequiv. 
 % N kg ha-
1
 - - - - - - - - - -kg ha
-1
 yr
-1
- - - - - - - - - - 
   2009 
CT 0 0 5375ab 0.72hi 5591cdef 
CT 0 170 4351abc 4.01def 5548abcde 
CT 0 280 4182abc 6.41ab 6093abc 
CT 50 0 4669abc 1.17ghi 5017defg 
CT 50 170 5626a 4.42cde 6943ab 
CT 50 280 4367abc 7.62a 7915a 
CT 100 0 4642abc 0.99ghi 4937defg 
CT 100 170 5390ab 2.70efg 6194abcd 
CT 100 280 4165abc 4.95bcd 5642abcde 
NT 0 0 4233abc 0.86hi 4482efg 
NT 0 170 3715c 2.39fgh 4427defg 
NT 0 280 4378abc 6.20ab 6228abc 
NT 50 0 3854bc 0.81hi 4096fg 
NT 50 170 3907bc 2.68egf 4706defg 
NT 50 280 4138abc 3.67def 5232bcdef 
NT 100 0 3341c 0.58i 33554g 
NT 100 170 4193abc 3.02ef 5093cdef 
NT 100 280 4773abc 6.09abc 6589ab 
   2010 
CT 0 0 3969cde 0.78f 4203gh 
CT 0 170 5613a 4.37cde 6915abcde 
CT 0 280 5575ab 6.68abc 7566ab 
CT 50 0 4995abcd 0.85f 5248fgh 
CT 50 170 4931abcd 3.28def 5909def 
CT 50 280 5494ab 3.01def 6392cdef 
CT 100 0 3724de 1.20f 4082gh 
CT 100 170 4683abcd 2.91def 5550efg 
CT 100 280 4868abcd 4.64a 7443a 
NT 0 0 4233bcde 0.79f 4469gh 
NT 0 170 5054abcd 4.54bcde 6408abcdef 
NT 0 280 5185abc 7.14ab 7315abc 
NT 50 0 4249bcde 0.82f 4496gh 
NT 50 170 4442abcde 3.15def 5380efg 
NT 50 280 5052abcd 6.58abc 7013abcd 
NT 100 0 3324e 0.65f 3513h 
NT 100 170 4569abcd 2.19ef 5224fg 
NT 100 280 4446abcde 5.31bcd 6031abcdef 
*Means with the same lower-case letter within each column are not significantly different at p ≤ 
0.10. 
 
 
90 
 
AC 2009
0 N kg ha
-1
N
O
3
-N
 &
 N
H
4
-N
 (
u
g
-N
 k
g
-1
 s
o
il)
0
20
40
60
80
100
120
140
160
180
AC 2009
280 N kg ha
-1
S
o
il 
M
o
is
tu
re
 (
c
m
3
 c
m
-3
)
10
20
30
40
50
60
AC 2009
170 N kg ha
-1
Day of Year
100 150 200 250 300 350
S
o
il 
T
e
m
p
e
ra
tu
re
 (
o
C
)
0
5
10
15
20
Day of Year
100 150 200 250 300 350
CT, 0% removal
CT, 50% removal
CT, 100% removal
NT, 0% removal
NT, 50% removal
NT, 100% removal
Day of Year
100 150 200 250 300 350
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1.Tillage and residue removal effects on daily soil temperature, water content, and mineral 
N at time of greenhouse gas measurement by nitrogen fertilization rate during the growing 
season in the Ames Central site (AC) in 2009.    
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Fig. 3.2. Tillage and residue removal effects on daily soil temperature, water content, and 
mineral N at time of greenhouse gas measurement by nitrogen fertilization rate during the 
growing season in the Ames Central site (AC) in 2010.    
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ASW 2010
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Fig. 3.3. Tillage and residue removal effects on daily soil temperature and water content at time 
of greenhouse gas measurement by nitrogen fertilization rate during the growing season in the 
Armstrong Southwest site (ASW) in 2010.    
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Fig. 3.4. Tillage and residue removal effects on daily soil temperature and water content at time 
of greenhouse gas measurement by nitrogen fertilization rate during the growing season in the 
Ames Central site (AC) in 2011.    
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ASW 2011
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Fig. 3.5. Tillage and residue removal effects on daily soil temperature and water content at time 
of greenhouse gas measurement by nitrogen fertilization rate during the growing season in the 
Armstrong Southwest site (ASW) in 2011.    
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Fig.3.6. Tillage and residue removal effects on daily soil surface CO2 emissions by nitrogen 
fertilization rate during three growing seasons in the Ames Central site (AC). T, tillage; P, 
planting; N, urea-ammonium nitrate application; H, harvest; R, residue removal; FT, fall tillage. 
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Fig. 3.7. Tillage and residue removal effects on daily soil surface CO2 emissions by nitrogen 
fertilization rate during two growing seasons in the Armstrong Southwest site (ASW). T, tillage; 
P, planting; N, urea-ammonium nitrate application; H, harvest; R, residue removal; FT, fall 
tillage. 
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Fig. 3.8. Tillage and residue removal effects on daily soil surface N2O emissions by nitrogen 
fertilization rate during two growing seasons in the Ames Central site (AC). T, tillage; P, 
planting; N, urea-ammonium nitrate application; H, harvest; R, residue removal. 
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CHAPTER 4 
SOIL CARBON BUDGET UNDER DIFFERENT RESIDUE REMOVAL 
MANAGEMENT SYSTEMS 
Abstract 
Crop residue left on the surface after harvest is a potential feedstock source for bioethanol 
production that may alleviate some of the United States dependence on foreign fuel and net 
greenhouse gas emissions. Currently, there are few studies that have evaluated the effects of 
residue removal rates under different management practices on potential soil organic C losses, 
for a conclusive estimate on how much crop residue can sustainably be removed in a system (i.e. 
net increase or no net loss of soil C). The objectives of this study were to: (i) examine how 
tillage, N fertilization rates, residue removal, and their interactions affect soil temperature, and 
soil water content, (ii) how these factors affect microbial and root respiration, and (iii) to 
calculate a soil C budget to determine how much crop residue can be sustainably be removed in 
Central and Southwest Iowa. The findings of this study suggest that under management practices 
of CT and N fertilization rates of 170 kg N ha
-1
 in continuous corn, net soil C change was 
approximately zero when no residue was removed for these sites and years. With no other 
changes in the fore mention management practices, any removal of soil surface residue resulted 
in net soil C losses. Increasing N fertilization rates from 170 to 280 kg N ha
-1
, resulted in greater 
potential C inputs from aboveground and root biomass, although C losses via Rh were not 
significantly different when compared to 170 kg N ha
-1
fertilization rate. Thus, a portion of soil 
surface residue could be removed without observing a net loss of soil C. Converting from CT to 
NT did result in lower C losses via microbial respiration, but typically also reduced potential C 
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inputs from above- and belowground in these sites. As a result, tillage effects on potential soil C 
changes in these systems varied by soil temperature and water content in a given year. In 2010 
when corn growth was restricted due to excessive water content and cold temperatures, 
approximately 35 to and 30% of the residue could be sustainably removed in the AC and ASW 
sites, respectively. In 2011, drier soil conditions resulted in approximately 2 and 49% of the 
residue could be sustainably removed in the AC and ASW sites, respectively.   
Introduction 
 
In agricultural systems, like any other ecosystem, the alteration of one part of the system 
may have large effects on the system as a whole. Under current agricultural practices, crop 
residue is left on the soil surface after harvest with no-tillage (NT) systems, or is incorporated 
into the soil with conventional tillage (CT), where the decomposition environment is more rapid 
(Franzluebbers et al., 1995; Al-Kaisi and Yin, 2005). However, the removal of crop residues left 
after harvest is being considered as a potential feedstock source for bioethanol production which 
can contribute to the reduction of fossil fuel use and net greenhouse gas (GHG) emissions 
(Wilhelm et al., 2004; Graham et al., 2007). It is probable that lignocellulosic ethanol production 
will become a viable option and could create an annual market for crop residue from 
approximately 143 million tons to potential 583-805 million tons (Downing et al., 2011). 
Some studies have suggested that in order to meet the demands of the bioethanol 
industry, farmers will need to increasingly adapt to NT practices in order to offset potential soil 
organic carbon (SOC) losses from crop residue removal (Kim and Dale, 2004). This is due to 
tillage effects generally increasing soil C losses via microbial respiration (Rh) by: inducing the 
availability and oxidation of SOC shortly after tillage (Reicosky, 1997; Al-Kaisi and Yin, 2005), 
and destruction of aggregates that physically protects SOC from microbial activities (Six et al., 
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2000). It has also been suggested that increases in N fertilization rates may also further aid in soil 
C sequestration (Wilts et al., 2004; Vleckand King, 2011), due to increases in aboveground 
biomass and especially root biomass, which can contribute to more stable SOC derived C than 
does aboveground residue (Rasse et al., 2005). However, potential increases in C input from 
changes in N fertilization rate could be counter balanced by N fertilization effects on C 
mineralization and CO2 emissions in the field. Some studies have shown a suppressive effect of 
N on C mineralization and others showing a stimulatory positive effect (Kowalenko et al. 1978; 
Al-Kaisi et al., 2008). Although it is clear that agriculture management practices can 
significantly affect soil C storage through C inputs and losses, the detection of SOC changes due 
to management practices are often not observed until several years later in long-term studies with 
direct SOC measurements (Conen et al. 2003; Smith 2004).The calculation of a C budget from C 
inputs (i.e. aboveground residue and root biomass) minus C outputs (C loss via Rh), provides 
valuable insights into the processes contributing to changes in SOC due to changes in 
management practices on a finer temporal scale (Duiker and Lal 2000). 
In C budget studies, the primary mechanism for quantifying C loss from soils is by 
measuring soil surface CO2 emissions (TCO2). Soil surface CO2 emissions are a result of CO2 
production from plant roots and microbes and gas transport through the soil. Most of the TCO2 is 
a product of decomposition of plant litter and soil organic matter via Rh, and from root 
respiration (Rr). These two components of TCO2 can have different responses to temperature 
(Fang and Moncrieff 2001; Lloyd and Taylor 1994) and soil water content which can restrict Rh 
and Rr, and can also slow down oxygen diffusion and the release of CO2 (Bouma and Bryla, 
2000). Thus the contributions of these components need to be understood in order to quantify C 
losses in the soil (Raich and Mora, 2005). Additionally, when TCO2 is measured, this is assumed 
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to be for the entire soil depth. However, measuring changes in SOC and C inputs (root biomass) 
below depths of 15 cm are very difficult and natural variability is often higher than rate of 
change in soil C stocks (Buyanovsky and Wagner, 1986). Thus, knowing CO2 contributions to 
the soil surface from only the top 15 cm where management practices have the most impact on 
soil C stocks is desirable. 
Currently, there are few studies that have evaluated the effects of residue removal rates 
under different management practices on potential changes in SOC (Linden et al., 2000; Wilhelm 
et al., 2004; Dolan et al., 2006), for a conclusive estimate on how much crop residue can 
sustainably (i.e. increase or no net loss of C) be removed in a system. Additionally, sustainability 
of crop residue removal will also depend heavily on cropping system (Doran et al., 1984), 
climate and soil type (Mu et al., 2008) which need to be specified regionally. We hypothesized 
that potential SOC losses due to residue removal, could be counterbalanced by altering 
management practices that have lower intensity of tillage and greater N fertilization input. The 
objectives of this study were to: (i) examine how tillage, N fertilization rates, residue removal, 
and their interactions affect soil temperature and soil water content, (ii) how these factors affect 
Rh and Rr, and (iii) calculate a soil C budget to determine how much crop residue can sustainably 
be removed in Central and Southwest Iowa. 
Materials and Methods 
Experimental sites and treatments 
A study was established in fall of 2008 on a Nicollet (fine-loamy, mixed superactive, 
mesic Aquic Hapludoll) and Canisteo clay loam (Fine-loamy, mixed, superactive, calcareous, 
mesic Typic Endoaquolls) soil associations at Iowa State University Agronomy Research Farm 
(AC) in Central, Iowa (42.4
o’N; 95.5o’W) and a Marshall silty clay loam (Fine-silty, mixed, 
superactive, mesic Typic Hapludolls) soil association at Armstrong Research and Demonstration 
102 
 
Farm (ASW) Southwest, Iowa (41.3
o’N; 95.1o’W) in continuous corn. The mean air temperature 
and annual precipitation at the AC site are 8.7
o
C and 975 mm, respectively (data from 1982 to 
2011). In the ASW site, mean air temperature and annual precipitation are 9.5
o
C and 909 mm, 
respectively (data from 1982 to 2011). Both sites were previously in corn-soybean [Glycine max 
(L.) Merr.] rotation under conventional tillage (CT, chisel plow in fall and chisel plus disk in the 
spring). Source of N was liquid urea-ammonium nitrate 32% N (UAN) which was side-dressed 
injected  in May after planting using agronomic rates of 170 kg N ha
-1 
during the corn phase 
(Blackmer et al., 1997). Phosphorus and potassium fertilization was done periodically to 
maintain optimum soil concentrations so as not to restrict corn growth during the length of this 
study.  
Three treatments were applied in 2008 to 2011 for both sites in a randomized, complete-
block design with split-split arrangement and three replications. The main plot treatment was 
tillage practice (NT and CT), which was split into three different residue removal rates (0, 50, 
and 100%) which was further split into three N fertilization rates of 0, 170, and 280 kg N ha
-1
. As 
done previously from past management, source of N was 32% liquid UAN which was injected 
side-dressed in May after planting. Shortly after corn harvest, desired rates of residue removal 
were accomplished by adjusting down-pressure on a raking apparatus before baling of residue. 
For 100% removal, corn stalks and leaves were first mowed then raked clear down (very high 
down-pressure) for residue to be collected by baler. After baling, plots were hand raked to 
achieve nearly 100% removal. For 50% removal, residue was not mowed and a decreased down-
pressure of the rake apparatus was set so as to leave approximately 50% of the soil surface 
covered after baling. Actual removal of residue by mass varied by N rate, tillage, site, and year 
ranging from 30-50% and 73-91% for 50 and 100% residue removal treatments, respectively. 
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Both sites were planted using a 111 day maturity corn variety (P33W84) at a seeding density of 
79,000 seeds ha
-1
.  
Soil surface CO2 emissions and soil temperature and water content 
 During the growing season from April to October, TCO2 measurements were taken in 6 to 
10 day intervals coupled with soil moisture (TRIME-FM Time Domain Reflectometry, Mesa 
Corp., Medfield, MA) and temperature (thermometer attached to LI-COR 6400) at 5 cm soil 
depth in each plot using a portable infrared CO2 gas analyzer (LI-COR 6400, LI-COR, Inc., 
Lincoln, NE) with a soil respiration chamber. Measurements were taken between 0800 and 1100 
hour to approximate the 24 hour mean TCO2. Soil surface CO2 measurements were conducted by 
placing a soil respiration chamber over a 10 cm diameter polyvinyl chloride (PVC) ring placed 
into the ground for the entire year at 3 cm soil depth and leaving approximately 2 cm of the ring 
above the soil surface. Two PVC rings were placed in each plot, one within the plant row and 
one in between plant rows. During the non-growing season, bi-weekly or monthly readings were 
taken due to lower TCO2 from reduced soil temperatures.      
Cumulative TCO2 for the growing season were calculated as follows (Grote and Al-Kaisi, 
2007): 
(ti+1 – t1)                                         [1] 
where, Xi is the first CO2 emission (kg ha
-1
 d
-1
) reading, and Xi+1 is the following reading at times 
ti and ti+1, respectively; n is the last CO2 emission reading during the growing season and i is the 
first CO2 emission reading in the growing season. Since TCO2 were only measured weekly during 
the growing season, a linear regression model using soil surface temperature as the predictor 
variable was used to estimate missing weekly TCO2 measurements. This resulted in an additional 
cumulative 1500 kg CO2 ha
–1 
on average from early November to late March for 2010 through 
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2011 in both sites. Soil surface CO2 emissions across treatments were not significantly different 
and remained relatively low compared to growing season measurements due to soil being mostly 
near or below freezing temperatures (Fang and Moncrieff , 2001; Dornbush and Raich, 2006). 
During winter months, TCO2 represented approximately 9% of the total annual TCO2, which is 
within the range reported in studies done in the North-central USA (Kessavalou et al., 1998; 
Dornbush and Raich, 2006).  
Additionally, soil surface CO2 in the top 7.5, 15, 30, and 45 cm soil depth was measured 
in soil cores collected in aluminum cylinders that were cut to length of respective depths in the 
field. Aluminum cylinders were placed in residue removal and tillage treatments, and was 
replicated three times. The alkali-absorption method (Anderson, 1982) was used to measure daily 
TCO2. Measurements coincided with TCO2 that were taken every 6 to 10 days. A 20 mL 
scintillation vial containing 10 mL of 1.0 N NaOH as a base trap to capture evolved CO2 was 
placed in aluminum cylinders which were then closed with a white PVC cap. The vials were left 
for 24 hours in the closed cylinders after which they were moved for laboratory for analysis. 
Excess NaOH was titrated to pH 8.2 in the presence of excess BaCl2 using 1.0 N HCl and 
phenolphtalein as indicator. 
Separation of microbial and root respiration 
To quantify percent of Rr contribution to TCO2, a clipping and root exclusion experiment 
was conducted in the AC site (Hanson et al., 2000). In each treatment plot, TCO2 was measured 
in-between planted corn rows with no roots (BRn) (metal cylinder was installed as a physical 
barrier at 15 cm soil depth), and with roots present (BRr) to estimate Rr in-between rows using 
following calculation: 
                                  [2] 
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In the end of the study, root biomass samples were collected in the BRn treatments to confirm 
that there were no roots present. 
To estimate Rr contribution to TCO2 within planted corn rows, a clipping of a corn plant in 
each treatment plot was done every 2- to 3 weeks to account for increases in root biomass 
throughout the growing season. Measurements of TCO2 were taken in rings by clipped 
aboveground biomass with roots (C) and un-clipped aboveground biomass (UC), to estimate Rr 
within rows using following calculation:  
    [3] 
Accordingly, by subtracting Rr contribution (%) from 100%, contribution of Rh to TCO2 was 
estimated. 
Potential total carbon inputs from above- and belowground plant biomass 
Above- and belowground biomass were measured to quantify potential C inputs from 
plant biomass. Corn residue left after harvest was collected in mid-October. Plant samples were 
collected within a 0.10 m
2
 area frame that was placed in-between and within rows in each 
treatment plot. Plant biomass was dried at 65°C for 7 days, and weighed to determine dry matter 
weight (Mg ha
-1
), and ground to fine powder for analysis. Total C concentrations from plant 
biomass were determined by dry combustion using a LECO CN analyzer (LECO, St. Joseph, 
MI) and concentration values were multiplied by the plant biomass (dry matter m
–2
) to determine 
aboveground potential total C inputs in Mg ha
–1
.  
Using a soil core sampling method, belowground plant biomass was taken right after 
harvest in mid-October. A 7.6 cm diameter golf course hole cutter was used to collect cores to a 
15 cm depth. A core was collected directly on the corn crown and two additional cores at each 
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side; this was done twice for each treatment plot for a total of six cores. All samples were frozen 
until analysis could be performed. Cores were processed by sieving and flotation of roots using a 
hydropneumatic elutriation system (Gillison’s Variety Fabrication, Inc.) equipped with 530-μm 
screens (Smuckeret al., 1982). Any non-root debris was removed during this time. The roots 
were then dried at 65°C until all water was evaporated, and roots were dry and brittle. Root 
samples were then processed and analyzed by dry combustion using a LECO CN analyzer 
(LECO, St. Joseph, MI) as done in aboveground plant samples for potential belowground total C 
inputs. Total root biomass for the entire soil depth was estimated by collecting and rinsing three 
soil samples for root biomass that were dug to a depth of 1.2 m by 0.20 m
-2 
in bordering corn that 
was planted next to treatment plots. Samples were also collected using 7.6 cm diameter golf 
course hole-cutter to 15 cm depth to estimate contribution of root biomass in the top 15 cm soil 
depth to total soil profile in 2010 and 2011. On average, approximately 60% of the total root 
biomass occurred in the top 7.5 cm soil depth. 
Estimation of soil carbon budget 
A soil carbon budget for each site was estimated by measuring net ecosystem 
productivity using a similar approach by Duiker and Lal (2000) and Kucharik et al. (2006). The 
soil carbon budget was calculated as the difference between above- and belowground biomass C 
input, and the C loss through organic matter decomposition (i.e. Rh) for the entire year: 
  [4] 
where, ANPPc is potential C content input from aboveground plant biomass, BNPPc is potential 
C content input from belowground root biomass, and Rh is C loss as CO2 due to heterotrophic 
respiration. 
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Statistical Analyses 
Data for TCO2, above- and belowground biomass, soil temperature, water content and C 
budget results were analyzed using the Analysis of Repeated Measures procedure in the Proc 
Mixed model of SAS. A compound symmetry covariance structure was used for repeated 
measures. Type of tillage was considered as the main plot, residue removal as the split-plot, N 
fertilization as split- split-plot, and date of measurement as the repeated measure variable. Mean 
TCO2  in-between plant rows and within plant row were used in this statistical analysis. Mean 
separation was determined using the PDIFF procedure and significance was evaluated at p ≤ 
0.10, unless otherwise stated. To determine the relationship between TCO2, Rh, soil temperature, 
water content, days after planting (DAP), and their interactions, a multiple backward elimination 
regression analysis using JMP 10.0 (SAS Institute,2002) was conducted to test the effects of 
these predicator variables on TCO2 and Rh.  
Results and Discussion 
Management effects on soil temperature and soil water content 
 The effects of residue removal on soil temperature and water content varied by site, year, 
tillage, and N fertilization (Fig. 4.1 to 4.4). Typically, soil temperatures were cooler and wetter in 
the AC site compared to the ASW site. Soil temperatures were significantly cooler and wetter 
during the growing season in 2010 compared to 2011. From May through October, soil 
temperatures were on average 1.5
o
C cooler with 0.03 m
3
 m
-3
 greater water content in 2010 than 
in 2011 in the AC site. Similarly, differences of 1.2
o
C cooler soil temperature and 0.03 m
3
 m
-3
 
greater water content were observed in 2010 than in 2011 in the ASW site. 
Soil temperatures typically followed a parabolic trend during the growing season, 
peaking in late July (Fig. 4.1 to 4.4). The exception was at the AC site in 2010, where soil 
temperatures peaked just before corn canopy completely covered the soil surface late in June. 
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During the early stages of corn growth from May through early July, soil temperatures in general 
were approximately 1
o
C cooler with no residue removal than with 50 and 100% residue removal 
treatments under NT for both sites and years. Under CT, there were no significant differences in 
soil temperature across the different residue removal rates, although soil temperatures were on 
average 1
o
C warmer than NT when 50 and 100% of residue was removed and 1.5
o
C warmer 
when no residue was removed. Warmer soil temperatures under CT compared to NT can be 
attributed to field cultivation done to prepare for planting (Licht and Al-Kaisi, 2005; Al-Kaisi 
and Kwaw-Mensah, 2007). Once the corn canopy had completely covered the soil surface 
starting in mid-July, there was no significant difference in tillage and residue removal effects on 
soil temperature until after grain harvest and fall tillage (mid-October) was completed. During 
this time, CT typically had higher soil temperatures than NT across residue removal and N 
fertilization treatments. However, the exception was with the 100% residue removal under NT 
treatment, which generally was similar to that or was higher than CT across all residue removal 
and N fertilization treatments. Nitrogen fertilization rate also indirectly affected soil temperatures 
primarily by altering corn growth and canopy shading. Beginning in early July, soil temperatures 
were on average 0.5-1
o
C warmer in treatments when no N was applied compared to those that 
did receive N in both sites and years until late October. 
Soil water content fluctuated with rainfall events throughout the growing season in the 
AC and ASW site (Fig. 4.1 to 4.4). No-till on average had 0.34 m
3
 m
-3
 soil water content during 
the growing seasons in 2010 and 2011, 0.03 m
3
 m
-3
 higher than CT in the AC site. Similarly, in 
the ASW site, NT on average had 0.31 m
3
 m
-3
 soil water content during the growing seasons in 
2010 and 2011, 0.03 m
3
 m
-3
 higher than that for CT. In general, there were no significant 
differences between residue removal rates or N fertilization rates effects on soil water content 
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observed in these sites during 2010 and 2011. These were unexpected results, for instance, the 
removal of residue we hypothesized would decrease soil water content due to greater evaporation 
losses. However, precipitation events occurred frequent enough in these sites during 2010 and 
2011 (Fig. 4.1 to 4.4), so as to minimize differences in soil water content by residue and N 
fertilization treatments. In drier conditions, we expect residue removal and N fertilization rates to 
significantly affect soil water content due to differences in shading and water uptake (Sainjuet 
al., 2012).          
Management effects on microbial and root respiration 
Using stepwise regression analysis from results in the clipping experiment to separate Rr 
and Rh, days after planting (DAP), soil surface CO2emissions (TCO2), and soil water content (θv), 
were significant predictors for percent of Rh contribution to TCO2 (Table 3.3). Whether these 
predictors were positive or negative drivers for percent Rh to TCO2 were dependent on 
management practice and whether TCO2 was from within the row or in-between rows. For 
example, under treatments with no residue removal and N was applied, DAP and TCO2 were 
negative drivers, while θv was positive. This indicates that the contribution of Rh relative to Rr, 
was negatively affected by increasing root growth as associated with DAP, and that high TCO2 
values were due to greater contribution from Rr, especially in dry days. This can be attributed to 
how CO2 is produced and transported in the soil under different environmental conditions 
(Moncrieff and Fang, 1999). In wet soil conditions, most of the TCO2 originates from upper 
portion of the soil profile (approximately 15 cm) where the majority of Rh occurs due to higher 
temperature, soil organic matter, and slower diffusions rates (Gaudinski, 2000). In contrast, 
under dry soil conditions, most of the upper portion of the soil prolife CO2 that is produced is 
instantaneously released to the surface, and the once slow transport of CO2 at lower depths is 
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increased, resulting in higher TCO2. At lower soil depths (below 10 cm), most of the CO2 that is 
produced is primarily from Rr (Moncrieff and Fang, 1999). 
Microbial respiration during the growing season varied significantly across year, site, 
tillage, residue removal, and N fertilization rates (Fig. 4.1 to 4.4). In general, Rh was 22 and 29% 
greater in CT than NT in the AC and ASW sites, respectively. In the ASW site, Rh increased 
with residue removal in both years. However, in the AC site, residue removal effects on Rh 
varied by year. During the wetter, cooler growing season in 2010, significantly lower Rh was 
observed with 50% residue removal treatments compared to 0 and 100%. In 2011, significantly 
lower Rh was observed with 0% residue removal treatments compared to 50 and 100%. There 
were no general trends observed on N fertilization rates effects on Rh, although, Rh was typically 
lower under 280 kg N ha
-1 
fertilization rate compared to 170 kg N ha
-1
. This lack of general trend 
between Rh and N fertilization rates are in part due to N fertilization effects on corn growth 
which indirectly influences soil temperature and water content due to shading and water uptake. 
Additionally, N fertilization also influences the quantity and quality of residue left on the soil 
surface (Halvorson et al., 1999). There is no consensus on N fertilization effects C mineralization 
and CO2 emissions in the field, with some studies showing a suppressive effect of N on C 
mineralization and others showing a stimulatory positive effect (Kowalenko et al. 1978; Al-Kaisi 
et al., 2008). During the growing season, Rh typically coincided with soil temperature in both 
sites. Many studies have shown a positive association with CO2 emissions via Rh with soil 
temperature when C substrate and water content are not limiting (Davidson et al., 1998). 
Estimates of Rr increased from zero, 10 days after corn planting to peaking at 165 kg CO2 
ha
-1
 day
-1
 in mid-July to early August, and then decreased until corn was harvested (Fig. 4.1 to 
4.4). Contribution of Rr to TCO2 ranged from 0 to 88%, varying by days after planting, soil water 
111 
 
content, and management treatment. Average cumulative Rr contribution to TCO2 during the 
growing seasons in both sites was approximately 25% when no residue was removed and N 
fertilization rate of 170 kg N ha
-1
. Currently, there are no conclusive references to evaluate the 
accuracy of estimated Rr in this study, although studies done in agroecosystems have reported 
cumulative Rr to TCO2 ranging from 10 to 45% (Rochette et al., 1999; Raich and Mora, 2005). 
Root respiration typically coincided with Rh, with some exceptions. This was not surprising since 
Rr has been coupled with photosynthesis rates, which is influenced by environmental conditions 
such as soil temperature and water content similar to Rh (Davidson et al., 1998; Kuzyakov and 
Gavrichkova, 2010). In general, Rr was greater in CT compared to NT until mid-August, and Rr 
was greater in NT until corn was harvested, when Rr ceased. In 2010 at the AC site, under NT 
with 0% residue removal and when N was applied, Rr peaked two weeks later than the peak of Rh 
with same treatments. This can be attributed to slower corn growth compared to treatments with 
50 and 100% residue removal under NT, and CT across all residue removal rates, due to slower 
accumulating growing degree days (Al-Darby and Lowery, 1987). In 2011, Rr under NT 
treatments across all residue removal rates and when N was applied, peaked approximately three 
weeks later than the peaks of Rh with the same treatments.  Additionally, Rr in general increased 
with greater N fertilization rates, due to in large part to increase in root biomass (Table 4.1 and 
4.2). 
Management effects on cumulative carbon losses via microbial respiration 
Annual cumulative C losses via Rh from TCO2 measurements and the top 7.5 cm soil 
profile were plotted against residue remaining after baling, by N fertilization, site, and year (Fig 
4.5 and 4.6). Using stepwise regression, results from the in-situ aluminum cylinder study show 
that θv, TCO2, and θv by TCO2 interaction were significant predictors for estimating percent of CO2 
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originating from the top 7.5 cm in the soil profile (Table 4.4). Contribution of CO2 emissions 
from the top 7.5 cm to TCO2 varied by tillage and residue removal rates. In general, contribution 
of CO2 from the top 7.5 cm to TCO2 increased with θv, nearing 100% when soil conditions were 
saturated. Contribution of CO2 from the top 7.5 cm to TCO2 was lowest under dry conditions 
when TCO2 was relatively high. 
Cumulative CO2-C via Rh was greater with 0% residue removal treatments than with 50% 
residue removal (Fig. 4.5 and 4.6). Previous studies have also shown decrease in TCO2 with 
residue removal, due to less available C substrate for mineralization (Dao, 1998). However, the 
highest cumulative CO2-C via Rh occurred with 100% residue removal in AC site in 2010 (Fig. 
4.5.) and in both years for the ASW site (Fig. 4.6). This may be attributed to significantly 
warmer soil temperatures with 100% residue removal during the growing season (Fig. 4.1 to 
4.4). 
Cumulative CO2-C via Rh in CT was significantly higher compared to NT in all sites and 
years except at the AC site in 2011. In 2010, Rh peaks were more pronounced and higher than in 
2011 (Fig. 4.1 to 4.4). This could be attributed to drier soil conditions in 2011, resulting in the 
broader, shorter peaks of TCO2 due to more extreme soil moisture cycling (Mosier et al., 2006; 
Hernandez-Ramirez et al., 2009). At AC site, CT treatments had 12 and 2% (not significantly 
different) greater cumulative CO2-C via Rh than NT in 2010 and 2011, respectively. At ASW 
site, CT treatments had 15% greater cumulative CO2-C via Rh than NT in both years. Warmer 
soil temperatures under CT compared to NT, during field cultivation to prepare for planting early 
in the growing season (Al-Kaisi and Yin, 2005), is the primary reason for CT having greater 
cumulative CO2-C emissions than NT, even though NT typically had similar or slightly higher 
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soil temperature from July to October (Licht and Al-Kaisi, 2005; Al-Kaisi and Kwaw-Mensah, 
2007). 
In the top 7.5 cm soil profile where management practices have the largest impact on CO2 
emissions (Fig. 4.5 and 4.6), residue removal rates effects on cumulative CO2-C via Rh were 
similar to that of the whole soil profile depth. Tillage effects on cumulative CO2-C via Rh varied 
by residue removal and N fertilization rates, site, and year. No-till treatments in general had a 
greater contribution percent of CO2-C via Rh from the top 7.5 cm soil profile to TCO2 compared to 
CT, essentially due to the lack of residue incorporation into the soil profile as done in CT. 
Despite this, NT treatments in general, still had lower or equal cumulative CO2-C via Rh 
compared to CT.    
Management effects on aboveground and root biomass 
Potential C inputs from aboveground biomass varied by site, year, tillage, residue 
removal rate, and N fertilization rate (Table 4.1 and 4.2). In general, residue remaining after 
baling decreased by 58 and 96% with 50 and 100% residue removal treatments, respectively. 
Averaged across tillage and residue removal rates, the lowest aboveground biomass values 
occurred with 0 kg N ha
-1
fertilization rates at 1.4 Mg ha
-1
, and increased by 47 and 58% with 170 
and 280 kg N ha
-1
 fertilization rates, respectively. Averaged across N fertilization and residue 
removal rates, residue remaining after baling was 10% greater in CT compared to NT. Potential 
C inputs from residue remaining after harvest when N was applied in this study, fall within the 
range of 2.0 to 5.7 Mg C ha
-1 
as reported by other studies under the same soil associations in 
Iowa (Al-Kaisi et al., 2005; Grote and Al-Kaisi, 2007). 
Potential C inputs from root biomass in the top 7.5 cm soil depth, varied by site, year, and 
N fertilization rate (Table 4.1 and 4.2). Mean root biomass across treatments and years in the AC 
site was 2.4 Mg ha
-1
, 21% lower compared to ASW site. Additionally, mean root biomass across 
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treatments and sites in 2010 was 3.0 Mg ha
-1
, 23% greater than in 2011. In general, mean root 
biomass was 1.9 Mg ha
-1
 when no N was applied and increases of 35 and 41% were observed 
with 170 and 280 kg N ha
-1
fertilization rates, respectively. Potential C inputs from root biomass 
when N was applied from this study, fall within range of 0.5 to 2 Mg C ha
-1
 as reported by other 
studies in corn cropping systems (Grote and Al-Kaisi, 2007; Mu et al., 2008).  
Soil carbon budget under different residue removal managements 
Calculations of net C changes in a system from estimates of potential C inputs from 
aboveground and root biomass minus C losses from Rh, yielded differences among sites, years, 
tillage, residue removal, and N fertilization rates (Fig. 4.7 and 4.8). Differences in residue 
removal rates were the largest determinate factor in net C changes. As residue removal increased, 
greater net C losses were predicted. In 2010, NT treatments typically had higher net C change 
values compared to CT treatments in both sites. In 2011 when soil conditions were drier, there 
were no significant differences in net C change when comparing CT and NT treatments in the 
AC site and in the ASW site with 170 kg N ha
-1
 fertilization rates. However, in the ASW site 
when no residue was removed and under relatively high N fertilization rate of 280 kg N ha
-1
, CT 
had a higher net gain in C than NT. This was primarily due to CT treatments having a greater 
sum of potential C inputs from aboveground and root biomass compared to NT treatments in this 
study (Table 4.2), and lower C losses via Rh in 2011 compared to 2010 due to drier soil 
conditions (Fig. 4.3 and 4.4). When no N was applied, significant net C losses were estimated 
regardless of tillage, and this increased with residue removal. Significant net C increases were 
only projected under treatments that received a relatively high N fertilization rate of 280 kg N ha
-
1
, with no residue removal at the ASW site in 2010 and 2011. At the AC site, significant net C 
increases were only projected in 2010 under NT with no residue removal and relatively high N 
fertilization rate of 280 kg N ha
-1
. 
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Net C changes in a system were also estimated for the top 7.5 cm soil depth (Fig. 4.7 and 
4.8), where residue removal, tillage, and N fertilization rates are presumed to have the largest 
impact. In both sites, significant net C losses were projected regardless of tillage or N 
fertilization rate when over 50% of the residue left after harvest was removed. These results 
stress the importance of leaving residue on the soil surface in NT systems for not only potential 
C input, but also to reduce C losses via Rh (Fig. 4.5 and 4.6) by lowering soil temperatures (Fig. 
4.1 to 4.4) (Licht and Al-Kaisi, 2005).When no residue was removed, net C change was not 
significantly different from zero under 170 kg N ha
-1
 fertilization treatments in general, for both 
sites. However, under 280 kg N ha
-1
fertilization treatments, net C changes were significantly 
greater than zero when no residue was removed in both sites in 2010, but only in the ASW in 
2011. 
Management practices to offset potential carbon losses from residue removal 
By fitting a linear model to determine the net C change as a function of residue remaining 
on the soil surface, the amount of residue that must remain to maintain soil C in a system can be 
estimated (Fig. 4.7 and 4.8). In the AC site, approximately 6.5 and 5.2 Mg ha
-1
 of residue after 
harvest under 170 and 280 kg N ha
-1
 fertilization rates, respectively, must remain to have a net C 
change of zero on average. In the ASW site, approximately 6.6 and 4.5 Mg ha
-1
 of residue after 
harvest under 170 and 280 kg N ha
-1
 fertilization rates respectively, must remain to maintain soil 
C in a system. Focusing on net C changes in the top 7.5 cm soil profile, approximately 5.5 and 
4.7 Mg ha
-1
 of residue after harvest under 170 and 280 kg N ha
-1
 fertilization rates, respectively, 
must remain to have a net C change of zero on average for both sites.       
In this study, under management practices of CT and N fertilization rates of 170 kg N ha
-
1
 in continuous corn in Iowa, net C change was approximately zero when no residue was 
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removed for both sites and years. With no other alteration of management practices, any removal 
of soil surface residue resulted in net C losses for both sites. However, increasing N fertilization 
rates from 170 to 280 kg N ha
-1
, made it possible for removal of soil surface residue of 
approximately 2.1 Mg ha
-1
 (31%), and yet still have a net C change of zero in the top 7.5 cm soil 
profile, in 2010 for both sites. This was primarily due to increases in potential C inputs from 
aboveground and root biomass from, and C losses via Rh not being significantly different when 
compared to 170 kg N ha
-1
fertilization rate. However, increasing N fertilization rate does not 
necessarily result in greater potential for residue removal. For instance, in 2011, where drier soil 
conditions lowered potential C inputs from aboveground and root biomass in the AC site, but 
increased in the ASW (Table 4.1 and 4.2). Approximately 0.26 Mg ha
-1
 (5%) of the soil surface 
residue could be removed, and not see a negative net C change in the top 7.5 cm soil profile in 
the AC site. In the ASW site, approximately 3.6 Mg ha
-1
 (43%) of the soil surface residue could 
be removed, and not see a negative net C change in the top 7.5 cm soil profile. This suggest that 
the quantity of aboveground residue that can be removed at least in the short term, is primarily 
dependent on how much more potential C input is increased from previous C inputs, assuming C 
losses remained unchanged as observed in this study when N fertilization was increased.  
     Converting from CT to NT as done in this study, did result in lower C losses via Rh (Fig. 4.5 
and 4.6), but typically also reduced potential C inputs in these sites (Table 4.1 and 4.2). As a 
result, tillage effects on potential C changes in these systems varied by soil temperature and 
water content in a given year. Crop growth in both years in these sites was negativity impacted 
by cooler and wetter soils in the spring and was amplified under NT. In systems where soil water 
content is insufficient for crop growth, studies have reported lower C losses and equal or greater 
aboveground and root biomass when tillage systems were converted into NT (Licht and Al-Kaisi, 
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2005). Under these systems, a greater potential for residue removal is expected under NT than in 
CT.   
It is important to keep in mind, that these findings are for the first three years since 
establishment of treatments, and that the long term removal of residue is expected to reduce 
SOC, when crop production and soil quality is reduced (Karlen et al., 1994). Significant 
decreases in soil quality parameters such as SOC, bulk density, water infiltrations, aggregate 
stability, and compaction were observed after only three years of residue removal  in these sites 
(Chapter 2) and in other studies (Blanco-Canqui and Lal, 2007). In addition to reduced tillage 
and N fertilization, further C budget studies need to be conducted in systems which incorporate 
cover crops, manure applications, and alternative biomass crops such as switch grass or 
miscanthus to determine how much crop residue can sustainably be removed and meet the 
demands of biomass for ethanol production and animal feed (Wilhelm et al., 2004; Lal, 2009).   
Conclusions 
The findings of this study suggest that a portion of the corn residue that is left on the soil 
surface after harvest can be removed sustainably (i.e. net increase or no net loss of soil C budget) 
in Central and Southwest Iowa with changes in management practices. Under management 
practices of CT and N fertilization rates of 170 kg N ha
-1
 in continuous corn in Iowa, net soil C 
change was approximately zero when no residue was removed for both sites and years. With no 
other changes in the fore mention management practices, any removal of soil surface residue 
resulted in net soil C losses in AC and ASW sites. Increasing N fertilization rates from 170 to 
280 kg N ha
-1
, resulted in greater potential C inputs from aboveground and root biomass, and C 
losses via Rh did not significantly differing when compared to 170 kg N ha
-1
fertilization rate. 
How much residue could be removed depended on how much more potential C input is increased 
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from previous residue C inputs, and varied by year and site. Converting from CT to NT did result 
in lower C losses via Rh, but typically also reduced potential C inputs from above- and 
belowground in these sites. As a result, tillage effects on potential soil C changes in these 
systems varied by soil temperature and water content in a given year. In 2010, approximately 35 
and 30% of the residue could be sustainably removed in the AC and ASW sites, respectively. In 
2011, drier soil conditions resulted in approximately 2 and 49% of the residue could be 
sustainably removed in the AC and ASW sites, respectively. 
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Table 4.1. Above- and belowground biomass left after harvest as affected by tillage, residue 
removal, and nitrogen fertilization by year in the Ames Central site (AC). 
  2010 2011 
  Aboveground biomass (Mg ha
-1
) Aboveground biomass (Mg ha
-1
) 
Tillage 
Residue 
Removal 
(%) 
0 
kg N ha
-1
 
170 
kg N ha
-1
 
280 
kg N ha
-1
 
0 
kg N ha
-1
 
170 
kg N ha
-1
 
280 
kg N ha
-1
 
CT 0 3.4±0.7d* 6.0±1.7b 6.1±0.7ab 2.4±0.5ef 4.8±1.1b 5.7±0.5a 
 50 2.4±0.3ef 2.0±0.7ef 2.4±0.3ef 2.0±0.3fg 1.8±0.5g 1.6±0.2g 
 100 0.1±0.1h 0.4±0.2gh 0.3±0.1gh 0.1±0.1h 0.2±0.1h 0.2±0.1h 
NT 0 2.7±1.1de 4.9±0.3c 7.0±0.6a 3.1±0.6cd 3.5±0.2c 5.0±0.4b 
 50 1.7±0.1fg 2.1±1.1ef 2.8±0.5de 2.7±0.2de 1.7±0.2g 2.0±0.3fg 
 100 0.1±0.1h 0.1±0.1h 0.2±0.1h 0.1±0.1h 0.1±0.1h 0.1±0.1h 
        
   2010   2011  
  Belowground biomass† (Mg ha-1) Belowground biomass (Mg ha-1) 
Tillage 
Residue 
Removal 
(%) 
0 
kg N ha
-1
 
170 
kg N ha
-1
 
280 
kg N ha
-1
 
0 
kg N ha
-1
 
170 
kg N ha
-1
 
280 
kg N ha
-1
 
CT 0 1.5±0.1g 2.6±0.1cde 3.8±0.5ab 1.3±0.2fg 1.8±0.2cde 2.2±0.3ab 
 50 2.0±0.4efg 3.2±0.4bcd 3.7±1.2ab 1.5±0.2f 2.1±0.2abcd 1.9±0.2bcde 
 100 1.9±0.2fg 3.4±0.3ab 3.5±0.6ab 1.6±0.1ef 2.0±0.2abcd 1.9±0.3bcde 
NT 0 2.5±0.4def 3.6±0.7ab 4.0±0.4a 1.0±0.1g 2.2±0.3a 2.0±0.1abcd 
 50 1.8±0.1g 3.2±0.6bc 3.5±0.4ab 1.4±0.1f 1.8±0.2de 2.2±0.3a 
 100 1.9±0.4fg 3.8±0.2ab 3.4±0.6ab 1.4±0.1f 2.2±0.2a 2.1±0.2abc 
*Means with the same lower-case letter within each year are not significantly different at p ≤ 
0.1. 
†Belowground biomass for the top 7.5 cm soil depth. 
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Table 4.2. Above- and belowground biomass left after harvest as affected by tillage, residue 
removal, and nitrogen fertilization by year in the Armstrong Southwest site (ASW). 
  2010 2011 
  Aboveground biomass (Mg ha
-1
) Aboveground biomass (Mg ha
-1
) 
Tillage 
Residue 
Removal 
(%) 
0 
kg N ha
-1
 
170 
kg N ha
-1
 
280 
kg N ha
-1
 
0 
kg N ha
-1
 
170 
kg N ha
-1
 
280 
kg N ha
-1
 
CT 0 3.4±0.4d 5.8±0.9bc 7.2±0.6a 4.2±0.5d 7.1±1.1b 8.8±0.7a 
 50 0.5±0.1g 1.4±0.7f 2.9±0.7de 0.5±0.1h 2.8±0.3f 3.2±0.2ef 
 100 0.2±0.1g 0.2±0.1g 0.3±0.1g 0.2±0.1h 0.2±0.2h 0.3±0.2gh 
NT 0 1.1±0.6gf 5.2±0.2c 6.4±0.3b 1.3±0.7g 6.3±0.3c 7.7±0.4b 
 50 0.6±0.1g 2.5±1.0e 2.9±0.6de 0.6±0.3gh 3.6±0.6de 3.4±0.4ef 
 100 0.2±0.1g 0.2±0.1g 0.3±0.1g 0.1±0.1gh 0.1±0.1gh 0.1±0.1gh 
        
   2010   2011  
  Belowground biomass† (Mg ha-1) Belowground biomass (Mg ha-1) 
Tillage 
Residue 
Removal 
(%) 
0 
kg N ha
-1
 
170 
kg N ha
-1
 
280 
kg N ha
-1
 
0 
kg N ha
-1
 
170 
kg N ha
-1
 
280 
kg N ha
-1
 
CT 0 2.0±0.3e 2.7±0.2cd 3.9±1.3a 2.2±0.1e 3.2±0.2abcd 3.4±0.1abc 
 50 2.1±0.2de 3.5±0.1ab 4.0±0.5a 2.0±0.1e 3.1±0.3bcd 2.9±0.5cd 
 100 2.7±0.2cd 3.2±0.6bc 4.0±0.2a 2.1±0.2e 3.4±0.3abc 3.1±0.1abcd 
NT 0 2.3±0.1de 3.6±0.4ab 4.1±0.3a 2.2±0.1e 3.3±0.3abc 3.6±0.7a 
 50 1.9±0.2e 3.5±0.3ab 3.6±0.2ab 2.2±0.2e 3.2±0.2abcd 3.2±0.4abcd 
 100 2.4±0.1de 3.2±0.7bc 4.0±0.1a 2.1±0.3e 2.8±0.2d 3.4±0.5ab 
*Means with the same lower-case letter within each year are not significantly different at p ≤ 
0.1. 
†Belowground biomass for the top 7.5 cm soil depth. 
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Table 4.3. Contribution of microbial respiration (Rh) percentage to total soil surface CO2 
emissions (TCO2) within and in-between planted rows  as predicted by days after planting 
(DAP), TCO2, and soil water content (θv) as affected by tillage, residue removal, and nitrogen 
fertilization.  
   Within row 
Tillage 
Residue 
Removal (%) 
N Fertilization 
(kg N ha
-1
) Regression Model F(P > F) r
2
 
CT 0 0 91.49 - 0.31DAP - 2.05TCO2 + 0.99θv 7(0.019) 0.49 
CT 0 170 72.85 - 0.24DAP - 2.49TCO2 + 1.02θv 4(0.078) 0.40 
CT 0 280 131.72 - 0.24DAP - 2.67TCO2 - 0.78θv 15(0.001) 0.68 
NT 0 0 91.24 + 0.16DAP - 5.89TCO2 + 0.06θv 9(0.005) 0.52 
NT 0 170 102.64 + 0.01DAP - 2.07TCO2 - 0.28θv 1(0.348) 0.17 
NT 0 280 97.83 - 0.11DAP - 1.75TCO2 + 0.10θv 2(0.240) 0.14 
CT 50 0 64.74 + 0.20DAP + 0.17TCO2 - 0.13θv 2(0.231) 0.23 
CT 50 170 80.37 - 0.07DAP - 2.97TCO2 + 0.60θv 2(0.168) 0.31 
CT 50 280 83.74 - 0.25DAP - 0.01TCO2 + 0.51θv 2(0.163) 0.27 
NT 50 0 75.30 + 0.19DAP - 4.81TCO2 + 0.29θv 8(0.008) 0.52 
NT 50 170 47.99 - 0.27DAP + 0.01TCO2 + 1.34θv 10(0.003) 0.52 
NT 50 280 93.32 + 0.25DAP - 2.32TCO2 - 0.94θv 2(0.257) 0.21 
CT 100 0 91.29 + 0.21DAP - 3.50TCO2 - 0.58θv 6(0.027) 0.43 
CT 100 170 40.62 + 0.34DAP + 1.29TCO2 + 60θv 13(0.001) 0.57 
CT 100 280 73.43 + 0.01DAP + 0.94TCO2 + 0.68θv 5(0.038) 0.36 
NT 100 0 85.09 - 0.06DAP - 0.20TCO2 + 0.36θv 1(0.348) 0.17 
NT 100 170 97.95 - 0.09DAP - 5.14TCO2 + 0.53θv 8(0.128) 0.48 
NT 100 280 124.00 - 0.07DAP - 6.29TCO2 - 0.64θv 7(0.015) 0.46 
   In-between rows 
   Regression Model F(P > F) r
2
 
CT 0 0 113.18 - 0.30DAP - 4.24TCO2 + 0.31θv 8(0.036) 0.76 
CT 0 170 84.34 - 0.02DAP - 3.58TCO2 + 0.66θv 4(0.088) 0.50 
CT 0 280 91.44 - 0.02DAP - 5.53TCO2 + 0.37θv 0.7(0.384) 0.24 
NT 0 0 115.17 - 0.46DAP + 9.46TCO2 - 0.30θv 22(0.001) 0.91 
NT 0 170 135.02 - 0.45DAP + 4.19TCO2 - 1.10θv 6(0.062) 0.69 
NT 0 280 90.81 - 0.05DAP + 0.17TCO2 + 0.13θv 0.2(0.475) 0.13 
CT 50 0 108.53 - 0.03DAP - 2.02TCO2 - 0.38θv 0.5(0.420) 0.20 
CT 50 170 107.59 - 0.12DAP - 3.88TCO2 + 0.21θv 1(0.316) 0.33 
CT 50 280 29.86 + 0.52DAP - 3.56TCO2 + 0.54θv 8(0.038) 0.71 
NT 50 0 97.67 - 0.16DAP + 5.80TCO2 - 0.03θv 14(0.007) 0.85 
NT 50 170 25.08 + 0.34DAP + 18.48TCO2 + 0.28θv 2(0.306) 0.24 
NT 50 280 115.66 - 0.70DAP - 4.29TCO2 + 0.97θv 31(0.001) 0.95 
CT 100 0 109.95 - 0.01DAP - 1.43TCO2 - 0.43θv 1(0.251) 0.34 
CT 100 170 64.31 + 0.17DAP + 0.74TCO2 + 0.76θv 8(0.028) 0.58 
CT 100 280 63.37 + 0.05DAP + 3.72TCO2 + 40θv 0.1(0.491) 0.11 
NT 100 0 84.28 + 0.19DAP + 2.82TCO2 - 0.49θv 3(0.343) 0.49 
NT 100 170 39.03 + 0.37DAP - 0.04TCO2 + 0.51θv 3(0.331) 0.51 
NT 100 280 72.95 + 0.15DAP - 0.71TCO2 + 0.07θv 0.9(0.355) 0.26 
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Table 4.4. Contribution of CO2 from the top 7.5 cm soil depth to total soil surface CO2 
emissions (TCO2), as predicted by TCO2 and soil water content (θv) as affected by tillage, and 
residue removal. 
Tillage 
Residue 
Removal (%) Regression Model F(P > F) r
2
 
CT 0 83.94 - 2.09θv+ 3.52TCO2 + ( θv-19.99)∙(TCO2-6.33)∙0.06 4(0.047) 0.65 
CT 50 86.11 - 1.28θv+ 6.28TCO2 + ( θv-27.96)∙(TCO2-4.50)∙0.48 2(0.242) 0.36 
CT 100 98.18 - 0.30θv-5.83TCO2 + ( θv-24.05)∙(TCO2-5.80)∙0.31 5(0.307) 0.65 
NT 0 104.42 - 1.26θv-1.02TCO2 + ( θv-26.39)∙(TCO2-5.48)∙0.52 3(0.077) 0.55 
NT 50 67.88 - 0.25θv-1.19TCO2 + ( θv-19.92)∙(TCO2-6.48)∙0.25 0.4(0.783) 0.12 
NT 100 36.20 - 1.99θv-2.56TCO2 + ( θv-28.23)∙(TCO2-5.40)∙1.14 10(0.005) 0.78 
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Fig. 4.1. Tillage and residue removal effects on daily soil temperature, water content, 
microbial respiration, and root respiration by nitrogen fertilization rate during the growing 
season in the Ames Central (AC) site in 2010.    
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Fig. 4.2. Tillage and residue removal effects on daily soil temperature, water content, 
microbial respiration, and root respiration by nitrogen fertilization rate during the growing 
season in the Ames Central (AC) site in 2011.    
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Fig. 4.3. Tillage and residue removal effects on daily soil temperature, water content, 
microbial respiration, and root respiration by nitrogen fertilization rate during the growing 
season in the Armstrong Southwest (ASW) site in 2010.    
131 
 
Day of Year
50 100 150 200 250 300 350
Day of Year
50 100 150 200 250 300 350
M
ic
ro
b
ia
l 
R
e
s
p
ir
a
ti
o
n
(k
g
 C
O
2
 h
a
-1
 d
a
y
-1
)
0
50
100
150
200
250
Day of Year
50 100 150 200 250 300 350
ASW-2011
280 kg N ha
-1
CT, 0%
CT, 50%
CT, 100%
NT, 0%
NT, 50%
NT, 100%
ASW-2011
170 kg N ha
-1
R
o
o
t 
R
e
s
p
ir
a
ti
o
n
(k
g
 C
O
2
 h
a
-1
 d
a
y
-1
)
0
20
40
60
80
S
o
il
 T
e
m
p
e
ra
tu
re
 (
o
C
)
0
5
10
15
20
25
30
ASW-2011
0 kg N ha
-1
S
o
il
 W
a
te
r 
C
o
n
te
n
t 
(c
m
3
 c
m
-3
)
10
20
30
40
50
60
H
R
FTPT
T
P H
R
FT
N
FTRH
N
P
T
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.4. Tillage and residue removal effects on daily soil temperature, water content, 
microbial respiration, and root respiration by nitrogen fertilization rate during the growing 
season in the Armstrong Southwest (ASW) site in 2011.   
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Fig. 4.5. Tillage and residue removal effects on cumulative microbial respiration in the soil surface CO2-C emissions in the total 
(TCO2) and top 7.5 cm soil profile, by nitrogen fertilization rate in the Ames Central (AC) site in 2010 and 2011. 
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Fig. 4.6. Tillage and residue removal effects on cumulative microbial respiration in the soil surface CO2-C emissions in the total 
(TCO2) and top 7.5 cm soil profile, by nitrogen fertilization rate in the Armstrong Southwest (ASW) site in 2010 and 2011. 
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Fig. 4.7. Tillage and residue removal effects on net carbon change for the total and top 7.5 cm soil profile, by nitrogen fertilization 
rate in the Ames Central (AC) site in 2010 and 2011. 
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Fig. 4.8. Tillage and residue removal effects on net carbon change for the total and top 7.5 cm soil profile, by nitrogen fertilization 
rate in the Armstrong Southwest (ASW) site in 2010 and 2011. 
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CHAPTER 5 
GENERAL CONCLUSIONS 
The removal of crop residues left after harvest is being considered as a potential 
feedstock source for bioethanol production which can contribute to the reduction of fossil fuel 
use and net greenhouse gas. However, there are few studies that have evaluated the effects of 
residue removal rates under different management practices on potential changes in SOC, soil 
physical quality, and crop productivity. Nonetheless, this information is needed for determining 
sustainable rates of residue removal and development of management practices to meet both the 
famers and the emergent bioethanol industries needs. We hypothesized that potential decreases 
in SOC, soil physical quality, and crop productivity due to residue removal, could be 
counterbalanced by altering management practices that have lower intensity of tillage and greater 
N fertilization input. The objectives of this study were to: (i) examine how tillage, N fertilization 
rates, residue removal, and their interactions affect crop productivity, (ii) SOC and soil physical 
properties, and (iii) GHG emissions, and (iv) calculated a soil C budget to determine how much 
crop residue can be sustainably be removed in Central and Southwest Iowa. 
After three years of residue removal under different management practices, the findings 
of this study suggest that a portion of the corn residue that is left on the soil surface after harvest 
can be removed, with no negative impacts in the short term on continuous corn yield in sites at 
Central and Southwest Iowa. However, significant decreases in SOC sequestration rates, MBC, 
ρb, A-SPR, MWD, and Ir were observed, but varied with soil type and management practices. In 
general, decreases in soil physical quality due to residue removal were more severe in the well-
drained soil type in ASW site compared to the poorly-drained soil in AC site.  
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Additionally, soil surface CO2 and N2O emissions were responsive to management 
practices; primarily by altering soil temperature, soil water content, soil mineral N, and crop 
growth. Management practices that reduce soil organic mineralization via reducing soil 
temperature and oxidation such as in NT, is a viable strategic mean for mitigation of CO2-C 
emissions. Although N2O-N emissions contributions to GWP were considerably lower than CO2-
C emissions, differences in N fertilization rates did have a significant impact on GWP in this 
study. Agriculture practices that improve N use efficiency should be included in management 
strategies that minimize GHG emissions.         
Results from soil C budget show that a portion of the corn residue that is left on the soil 
surface after harvested can be removed sustainably (i.e. net increase or no net loss of soil C 
budget) in Central and Southwest Iowa with changes in management practices. Under 
management practices of CT and N fertilization rates of 170 kg N ha
-1
 in continuous corn in 
Iowa, net soil C change was approximately zero when no residue was removed for both sites and 
years. With no other changes in the fore mention management practices, any removal of soil 
surface residue resulted in net soil C losses in Central and Southwest Iowa. Increasing N 
fertilization rates from 170 to 280 kg N ha
-1
, resulted in greater potential C inputs from 
aboveground and root biomass, although C losses via Rh did not significantly differ when 
compared to 170 kg N ha
-1
fertilization rate. As a result, in 2010 when corn growth was not water 
stressed (lack of moisture), approximately 35 and 30% of the residue could be sustainably 
removed in the AC and ASW sites, respectively. In 2011, drier soil conditions resulted in 
approximately 2 and 49% of the residue could be sustainably removed in the AC and ASW sites, 
respectively.      
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It is important to keep in mind, that these findings are for the first three years since 
establishment of residue removal treatments, and that the long term removal of residue is 
expected to reduce SOC, when crop production and soil quality is reduced. In addition to 
reduced tillage and N fertilization, further studies need to be conducted in systems which 
incorporate cover crops, manure applications, and alternative biomass crops such as switch grass 
or miscanthus to determine how much crop residue can be sustainably be removed and meet the 
demands of biomass for ethanol production and animal feed. 
 
 
